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Abstract

Technical diversity and various knowledge is requiredtierunderstanding@f undoubtedly
complex systemsuch asa Lithiuntion battery. The peculiarity is to combirtifferent
techniquesthat allow a complete investigation while the batterywsrking. Nowadays,
researh on Liion batteries (LIBS) igxperiencingan exponential groth in the devedpment
of new cathode materialdccordingly, Li-rich and Nirich NMCs, whichhavesimilar layered
structure ofLiIMO, oxides have been reodly proposedDespite the promising performance
on them, still a lot of issues have to besolvedand the materialneed amore in depth
characterisatiofor furthercommercial applicatias In this studyLiMO > material,in particular
M =Co and Ni, will be presentedWe havefocused on the synthesis of pure LiCe@nd
LiNiO: at first, followed by themixed LiNiosCoo.sO2. Different ways of synthesis were
investigated for LCQutthesolgelwater methodhowed the best perfoamces. An accurate
and systematic structural characteimatfollowed by the appopriate electrochemicatests
weredone. Moreover, the isitu techniquegin-situ XRD and insitu OEMS allowed a deep
investigation in the structural change and gas evoluimn the electrochemichi driven

processes
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1 Introduction

The exponential growth of the energy demand, not only from the developed countries but also
from the developing ones, results in an extreme increase of pollution which foea<she®

focus on finding an alternative to the use of fossil fuels. Since it has been recognized that ~
23% of the CQevolution is due to the emission from transportation, it is important to decrease
the amount of Cefrom vehicles in order to reach theure emission target. In fact, the most
recent Paris agreement on the environment has the purpose to reduce the emission by 21% till
2020 and by 43% till 203b.

Therefore, it$ necessary to develop an alternative power supply for vehicles, which may use
batteries, fuel cells or a combination of bétin. order to extend the use of electric vehicles
(BEV), hybrid electric vehicles (HEV) or even fuel cell driven cars the usage of renewable
energies to produce hydrogen or to charge batteries has also to be eAlR@T@gable energy
sources like wingd solar and hydropower are stationary and temppegoplications which also

need energy storage systems like battefiémrefore research also focuses on finding a
compromise for the BEV market and stationary energy storage systems with a second life
application. After batteries reach the end of If@ivehicle (actual capacity of 80 compared

to the capacity at begin of life) they still can be used for stationary applications for which the

operdion conditions are less harsh.

In this context, the present woiticuseson the field of batteries. Ond the main challenges

in the last decades of battery research is thetemg cycling stability of cathode materials in

a lithiumrion battery. Since the commercialization of the first lithium ion battery (LiB) by
SONY in 1991, layered oxides are the ngstable materials in order to achieve high energy
densities and long term stability of a lithition battery? Different types of lithiurdon
batteries are already widely used in commercial products like laptops, cell phones, cameras,
etc. However, the application of batteries in electric vehistédk requires higher energy
densities, even if other side parametsse to be taken into accouritTo figure out, which
system fits to electric vehicles, a more fundamental understanding of the different materials
needs to be generated. Although tlharacteristics of the LiB depend on both cathode and
anode material, improvements on the positive electrode will have a higher impact upon the

overall cell performance as anodes, since they already offer higher cagacities.

The most commercil used cathode materials are LiGaDd different isostructural layered
oxides (LiIMQ; with M = Co, Ni, Mn and Li), as for example Li(MCo1sMn13)O2 known as



NMC, which isshown inFigurel. The most recent developed material, which is still based on
this structure but offers a higher energy density, is thechi NMC, known also as High
Energy NMC'89

A: LiCoO, B: LiNiO, C: HE-NM(

Figurel: Structuralillustration oflayered, R3m, LMO, (M=Co, Ni) and HENCM. Graphic vas created using

VESTA with red: oxygen, blue: cobalt, grey: nickel, oranghanganese and green: lithium

The advantages of the mixed layered oxides are high energy and power densities as well as the
high operation voltage. However, the capacity loss\aitdige decay upon cycling is still not
completely understood. The complexity of the structure in this class of materials requires
various techniques to understand fading mechanisms. Although the synergy of different
transition metals on the structure aaown, it is suggested to start from the basic
understanding of the simple layered oxide as LiM@=Co, Ni). The aim is to find the
relationship between structural changes and the electrochemical properties of each of this
transition metals with a wetlefined stoichiometry and to deduce the role of each cation during

the operation inside the céfl.



2 Batteries: state of art

A battery is an electrochemical device that converts chemical energy into electrical energy.
Batteries have the capability to store energy supplied by an external soditegefore they

can act as a portable source of electric pow
to a group of Acell sd0 which are connected
performance. However, nowadays battery and celuseel interchangeably, as caafound

also in this work®

In an electrochemical cell, R&dix reactions take place on or in electrodes where the energy is
converted. The underlying process is an electron migration from one chemical species to
another through an electron conducfahich carries out work), and a simultaneous ion
migration through an ionic conductor. The charge transfi@ning chargdakes place at the
electrode interfaces: the negative electrode (anode) supplies electronextethal circuit

while being oxidizd, and the positive electrode (cathode) receives them while being ré8uced

For the representation of a lithium ion battery Bggire2.!

To prevent an internal shoctrcuit between the anode and cathode an insulating (but ionic
conducting) material is required that usually is porous and soaked with electrolyte. The
electrolyte is working as an ionic conductor with electric isolating properties. The cell reaction
proceeds spontaneously, driven by the net free energy change and the total amount of charge

t hat can be supplied to the external circui

Faraday’s lawshown in guationl:

0 QO ¢ "0) @
Wherei is the current flowing in the circuitjs the timenis the number of electrons associated

with the redox reactiork; is the Faraday’s constant (9648®01) andN represent the number

of mole of reaant participating in the reaction. Due to technical limits the theoretical cell
capacity is almost never reached. However, this can be an indication for the maximum energy

density of the battery.
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Figure2: Represetation of a Ithium ion battery*

Batteries are in common divided into in Apri
batteryo the cell stops r unni nigfulldtisshargeal.l | t he
Examples are alkaline batteries, zoarbon or lithium batteries (for this Li is used as metallic
anode). While in this case the reaccthargech i s n
due to reversible reactions. Fordaarging this kind of batteries an external electric power

source can be used. The leaaid, nickel cadmium (NCd), nickel metal hydrate (NVMH) and

last but not least lithiuron batteries (LiB) are secondary batteri€s2 To compare different

battery systems, various parameters can be used. However, the charaptnfstioance
parameters of energy storage devices (not only limited to batteries) are graphicatbteitlis

best by the Ragone plot shownFigure3.
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Figure3: Depiction of the energgiensity as a function of the power density: The so callegbne Plot?

The specific energy density in Wh/kg is plotted as a function of the specific power density in
W/kg in orcer to illustrate both the energy that the device can deliver and the ability to deliver
that energy. The Hogarithmic axes allow the comparison between devices with extremely
different values in energy or power. Téaepression of both is shown Bguatias (2) and(3).
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U is the present voltage [V],44 is the average voltage [V] of the cell during one cycls, | i
the current [A], t is the time [s] and m is the mass [kg]. Compared to other battery technologies,
the lithium ion batteries offer higher energy densities and similar or even higher power
densities. Capacitors show a higher power density. However, tiffey 8om a poor energy
density and therefore they are not suitable for an application in electric vehicles or for stationary
energy storage systems.

2.1 Lithium-ion Batteries

The first lithiumion battery was proposed in 1978 and since the market introduction in the
early 1990s, Lion batteries have been widely adopted for a varietpasfable electronic
devices'* The development of the secondary cell based on lithium as the cationic charge carrier

12



started with lithium metal as negative electroagositive, polycrystalline electrode and the
electrolyte that allows the transfer of-ibns between the electrodes. The active material for
the cathode should undergo a reversible reaction witbrns, which are déntercalated during
charge and rntercalated during discharge. The chemical reaction thatebg@les undergo

is shown inEquation(4). The lithiation (accompanied with an oxidation) of the cathode is
usually called discharge while the charge (accompanied wigdwction) is the delithiation.
Equation(15) shows the possibility of unlimited cycles of reduction and oxidation on both
electrodes (respectively discharge and charge), in the case tlesdtien is ideally reversible.

N ) discharge . (4)
xLi" + AM T xe = Li,AM,

charge

A schematic representation of the operation of a battery while charging and discharging is

shown inFigure4.

P [un'} >
L Discharge
Charge
o
U
Discharge
Li,Cq Li;.,Co0, o

Figure4: Schemat illustration of the charge and discharge of a lithiom battery6

The performance of the cell depends on the nature of all of the components: the properties of
the electrodes with a prudieselection of the active material, the electrolyte composition and
the geomey of the cell assemblintf. A brief overview of the basic components of the cell is

given in the next subchapters.
2.1.1 Negative electrodes in lithium cells (Anode materials)

The first negative electrode in the secondarywai metallic lithium because of the favourable
thermalynamic electrode potential 8fV versus the standard hydrogen electrode (the lowest
potential of all elements) and the very high specific capacity (3.86 Ah/g; 7.23 3Ah/cm

However, due to its highlglectropositive nature electrolytes are unstable if they get in contact

13



with the lithium electrode. The organic decomposition products form a passivating layer (SEl,
solid electrolyte interface) when the electrode is cycled and this introduceréncassafety
hazardg®'? Under harsh operation conditions the decomjmsitproducts can further
decompose in uncontrolled side reactions which produces heat and therefore initializes a
thermal runaway of the cell. Li metal has also an intrinsic safety problem, because of the
continuous dissolution and deposition of lithiioms from or on top of the surface upon charge

and discharge. The deposition of lithitiams can lead to dendrite formation, which creates a
higher surface area and also can lead to a short circuit in case the dendrites penetrate the
separator. Under harstperation conditions or in the case of a failure of the battery the
temperature can raise enough to melt metallic lithium, which starts to react with more

electrolyte, causing a further increase of temperature and thedmes on fire or explodés

A subsequent development replaced the metal lithium anode, which was mainly based on an
insetion material, which allowed Lions to be intercalate. Currently graphite is used as
negative anode, which intercalates Li and formssLEven though carbon has a wide range of
structures and properties which arise from the difference in the prodpctoess, graphite
shows the best electrochemical properties. One of the major influences of the presence of
lithium in the graphite crystal structure is that the stacking of graphene layers is changed by
the insertion of lithim. The process of lithium tercalation into graphite occurs through
formati on of diihfinEreasing matio ofi IS/€ which s@udes intercalation
compounds such as Li€*?

In fact, the anode is affected byather high capacity loss of the battery during the first few
charges due to the formation of the SEttdrknown in the literature as ageing process on this
electrode. The SEI is a particular solid layer that is formed after the first cycle of the battery,
which provides a protective layer for the anode and avoids the continuous reduction of

electrolyte that will be dscussed in the next chaptér.

Summing up the requirements of an anode material, a high efficiency is needed (no surface
changes which force electrolyte decomposition reactions, the formation of a stable surface film
in the first cycles), the safety riskth the respect to metallic lithium hashie reduced and the

rate capability should be banced. Further the electrode should operate at potentials close to
that of metallic Li to ensure a higimergy density, it should have a low equivalent weight for
maximizing the specific capagitind it should be lightweight, cheapd safer than metallic

lithium 1012
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As alternatives, to the carbonaceous materials, lithium alloys with silicon and anthimonium,
titanates as LTisO12 and titanium oxide (Ti@) are taken into consideration because they
operate at higher potentials which the electrolyte is still stable antb SEI formationis
necessary. However, this leads to lower energy densities and therefore graphite remains the

most used anode in commercial batteries up toétv.
2.1.2 Electrolytesn lithium cell

As mentioned, the main function of the electrolytéoisvork as an ionic conductor and an
electronic isolator. Electrolytes for LiBs need to be stable at the electrode potentials applied in
the cell. In the case of LiBs the chemical environment is quite demanding. As lithium reacts
vigorously with water fornmg LiOH and hydrogen, an organic based anhydrous electrolyte is
required. For the organic solvents, the solubility of the conductive lithium salts is often very
challenging. Due to this, the electrolyte consists of a mixtumadfonates thgiresent god
solubility of the conducting salt as well as low visopsThe most common electrolyte consists

of ethylene carbonate (EC), dimethyl carbonate (DMC) and ethyl methyl carbonate (EMC).
Propylenecarbonate (PC) was used in the beginning, but this resukedbliation of the
graphite anodé® The most used conducting salt is lithiumhexafluorophosphate d}. i@ this

offers the best compronaisof solubility, conductivity, electrochsical stability and safets’
Obviously, any waterace must be removed not only due to the reactivity of lithium but also
due to the decomposition of LiBRvhich forms LiF and P This Pk will react with water to

POR and HF As the organic solvents are not stable at very low potentials, a decompositio
reaction is happening, leading to the SEI on the surface of the negative layer. For this reason
EC is fundamental to guarantee a g&ifl formationon the surface of the graphite electrodes.

In fact, this layer is a kion conductor, but it is electal isolating and thus also extends the
potential window of the electrolyte. However, the EC only has a high viscosity and would have
a low ionic conductivity. DMC or EMC are used to reduce the viscosity of EC and to promot

a better Liion transport®*?
2.1.3 Positiveelectrodesn lithium cells (Cathodes materials)

Since LiBsconsist of various components, it is not easy to identify the impact of the individual
components on the overall performance of the battery. However, the area of research of most
interest within LIBs is dedicated in the moment to the improvement of gigveoelectrode

792124 1n almost every case, the cathode materials are host structures which can undergo

insertion reactiongind are therefore also known as intercalation cathodes. An intercalation

15



cathode is a solid host network, which can store guest ionsilik@$14?®> Nowadays a lot of
intercalation cathodes can be found in the literature with different fields of applications.
However, three main classes of cathode masehave to be considered. The first class use
either layered oxides like LiCa@r its derivatives (LIM@ M=Co, Ni, Mn and Li), the second

one is based on the spididde compounds such as LiM@4 and the third one are polyanionic
compounds with a olime structure (LIMP®, M=Fe,Co, Mn andNi).*” Depending on the
application the research is either taking safety and cost issues into consideration (spinel and
olivine structures) or focuses on the energy density despite sometimes high costs (layered
oxides). Since fothe automobile industry the second aspect is the most important one, the
LiCoO2 chemistry with several improvements will be discussed further. In fact, the
development of cathodes with a higher rate capability, a higher specific capacity, an enhanced
cycle life and better safety characteristic is the target of the ideal cathodeabgdeciEV

application’
2.1.3.1 SpinelLiM 204

In the spinel structure LidDs (M=Ti, V, and Mn), the most common LiM@s adopts a normal
spinel structure consisting of cubic clgsacked oxide ions with the ¥** ions in the 16d
octahedral sites and lithium ions in 8a tetrahedral sites, which gives a distributionsgf (Li)
[Mn2]16404 (Figure 5). The MnOs framework occupies a threBmensional region via face
sharing @tahedron and tetrahedron, which provide three dimensional conducting pathways for

the insertion and the extraction of the lithioms without collapsing the spinel framework.

Figure5: LiMn 204 spinel structure. Grapbhiwas creted using VESTA withred: oxygen, purg: manganese

and green: lithium

16



LiMn204is a promising material due to its rather low cost, high intrinsic safety issogsaed
Ni-rich layered oxideshat will be discussed beloand its longterm stability*® The material
has an operating potential of 4/1and offers a capacity of 148Ahg*. This material suffers
from pronounced capacity fade upon cycling undkvated temperaturesue to M
dissolution (generated by the disproportion reactiok? z Mn*"+ Mn?*) and seondary

phase generatiort!82¢
2.1.3.2 Polyanionbased electrode materials, LiMP&hd LkM2(PQys)s3

The olivine family fas been studied since LiFeROFP) as an intercalation material has been
discovere.?’ The crystal structure of olivines is shownFigure 6 a. The LiFeP@has an
hexagonal ®ygen host structure, in which*Land Fé* occupy half of the octahedral sites and
PQs> 1/8 of the tetrahedral sites. The peculiar distribution bahd Fé*within the octahedral

sites generates [Teg)dayers This connectivity has a special impact lmoth electronic and
ionic conductivity in LFP. Fe@octahedrons share corners between each other and electronic

delocalization are made difficult.

Figure6: LiFePO4, olivine strutire. Grapkc was created with VESTA witred: ocygen, brown: iron, light

purple: phosphorus and green: lithium

The theoretical capacity of 1T0Ahg! at a flat voltage plateau of 3\f the nontoxicity, the
low price of iron and especially the lotgrm stability accompanied with a low safety risk
mékes it to a promising cathode material for stationary applicatitiBy substituting Fe with
Mn, Co and Ni, the working potential and therefore the energy density which aftergtipl

for further regarch?

17



2.1.3.3 LayeredOxidesLMO:

In spite of a huge research work on the alternative cathode materials, the layered oxides, from
the first commercial LIBs, introduced into market by Sony Corporation in 1991, still dominates
the market for portablapplication?” Generically, the cell can bepresentedas the most
rechargeable lithium cells, how was said before use as anode the graphite matrix and LiCoO

as positive electrode:
LixC/organic solvent electrolytehxCoO,

The redox reactions present in the most common commercial cell, thegpaesent and
discussed belowt can be divided as one on the negative electdodiag discharging process
(Equationg5) and(6))

(negative electrode) &sY 6 C ‘“+xex L i (5)
(positive electrode) LixCoO+ xLi*+xeY Li €0 O (6)

With the combination of both that led to the full cell reaction (Equatidid))?>22:
LiCoO2, + 6 CLi&CoO:+ LixCs + energy 7

However, the LCO is mostly used in various commercial application, is not suitable as it is, for
EV or stationary energy storage. For the use in the EV, the major problems and limétegions
high cost, low thermal stability, fast capacity fading if use agh burrent and deep cyclirtg

In addition, the cost of processing the Co for the cathodes is the major contributing on overall

cost, evenfiLi is not the cheapest offe

Another problem is during the delithiation process in this type of materials, ang tia& case

of LiCoOz/C Li-ion cell, itmust be limited t®.5 Li in the intercalation, which means that only
half of the theoretical capacity is used140mAh/g instead of 27&1Ah/g). Over the time,

also this limit wih was tried to be overconié The attempts to substitute the cobalt during the
last decades, ledd a different new cathodes materials developed on the base of layerexl oxide
as pure Litransition metal ) oxides (LiNiC), or mixture ofMs as Li (NizCorzMnyz)O2

known asNMC, also in diffeent stoichiometry between the. #32°

Further investigation of this material and thesubstitution in layered oxides have led to the
most recently and promising, ich layered oxides and {rich NMC layered oxides, known
with different stoickometry as HighEnergy Nidkel-CobaltManganese oxides (HECM).”®

18



In fact, from2003 with the introduction of thus dtich NMC from two independently groups
Thackeray and Dahn the research is focusing on understanding the structure, the properties and
the performance of this compound, that shows almost a double capacity ofAR39
comparing to the one used from LC®OHowever, a series of problem hinder the
implementation of this cathode in practical and commercial cell. It shows a poor kinetics and
voltage decay upon cycling. Bveéf the performance correlate to the extra capacity is easily
reproducible, it is not enough to clarify the source of the problems and even if the research
made great strides in understanding the structure and properties of the material, significant
progess is required for the HEMC to become commercial viab{é?°The points including

the voltage decay note also as voltage fade during cycling, Figycle irreversible capacity

loss (IRC), poor rate capability, and low volumetitergy density has to be overcome if it is
wantedto introduce into the markét

Another promising material is NRich materials also with high discharge capacity 200
220mAnh/g, even if lower than the HEMC still with a significant improvement over the
commercal LCO (140mAh/g)8° However, as HENMC the Nirich layered oxides have
intrinsic problems like capacity fade, detrimental side reactions on the high cycling voltage,
safety issues due to thermal runaway reactions and the challenge to maintain all the Ni in the

3* oxidation stateduring synthesi§®22:29.313334

Even if, a lot of work and many papers carfdaend in the literatur&3>36on different studies

about the advanced materials and basic layered oxadsstematicallyway that starts with

the basic understanding, in the class of normal layered oxides, of the correlation of the structure,
composition and electrochéstry performance is missitlef® Considering that in the advanced
materialsare present not only differem as Co, Ni and Mn, but also an excess of Li or Ni in

the HENMC and Ntrich, that influence all the properties during the working battery. In
addition, the use of high volja by itself is playing a crucial role on all components of the cell
and elements in the cathode. As for all materials, surface and bulk properties has to be taken
into account. For sure, surface chemistry can improve the properties inside of thewhitery,

the bulk properties are more challenging to clatifie structure of one compouhdf
Nevertheless, the surface itself has not direct influence on the bulk properties unless not during
the combination with other processes that are taking place on the intehfacehe battery is

working.3"38
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2.2 Motivation

The present work focuses on the correlation of structural changes in layered oxides upon charge
and discharge and the electrochemical performance of the materials, which varies a lot with the
type of transition metals in the crystallographitusture.In particular, the aim will be to
understand the role of cobalt and nickethe basic layered oxidesiCoQO, (LCO), LiNiO2

(LNO) and mixed structures as LiNICoO. while special attention is paid on the disorder
inside the material. To overcamhe use of Co due to the high costs and the low capacity Ni

or other elements liké&l, Mn, Mg, Li are introducel¥'® but a clear understanding of the
function of each metal is missintn addition, the knowledge obtained by investigating simple
layered oxide can be used to build systems, which are more complexMS&MEEven if the
HE-NCM is a Lirich material it can be seen as combination of differerdrky oxides and it

will be useful to identify which cation is influencing the others in which way.

First, a suitable synthesis method has to be find from the literature which allows an accurate
characterization of the morphology and crystallphia structire of the materigi®-35:36:400

Second part was focused on the electrochemical characterization with classical battery tests as
rate caphility and cycle life characterization. For being able to correlate the different
properties of the material, structural changes and the electrochemistpgramdo techniques

were applied. Irsitu X-ray diffraction (XRD) allowed the correlation of sttucal parameters

with theelectrochemical performancenhile the Orline Electrochemical Mass Spectroscopy
(OEMS) allows to monitor the gas evolution of the cathodes, which can occur as effect of

structural changgin this family of cathode materiaf’ >*
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3 Used methods

3.1 Morphologicalanalysis: Scanning Electron Microscopy (SEM)

The SEM permits information about the morphology, the particle size and the particle
distribution of the synthesized material. In principle, an electronic microscope involves a
scanning beam of electrons over a specimen and detects the signals, whichtade €hat

main difference to an optic microscope resides from the wavelength of the electromagnetic
radiation generated by the source which can give a higher resolution. Theioasoan
achieve the order of2m in a highresolution SEM. However, for tteample investigation the

low resolution SEM was used in this work. For all samples, the images were taken with a Jeol
SEM (JEOL, Tokyo, Japan, JEEBOO JCM6000). The samples were prepared by pressing
powder into a sticking copper tape which was placedhenSEM sample holder. For the
investigation of the morphology, the SEM was operated at acceleration voltage of 10/r 15

depending on the sampladithe required resolutiof.
3.2 TG/MS analysis

Thermogravimetric analysis to investigate the thermal behavidbe aamples was performed
with a TGA/DSC1 STARSYSTEM (Mettler Toledo, Switzerland), which ismabined with a

mass spectromete(MS) as gas analysis system (Pfeiffer Vacuum, Germany). The
measurements were performed in the temperature range°6fi2900/1000°C using AbOs
crucibles in synthetic air or oxygen atmosphere at a heating rate Kim0. The TGA
connected with MS gas analysis system allows to identify the components from the

decomposition of the investigated samples.
3.3 SurfaceanalysisBET

The Brunauer, Emmett and Teller (BET) theory is used as a standard procedure for the
determination of the specific surface area of the synthesized materials. It can be used for a wide
range of fine powders or porous materials and also to investigate éheipodistribution. The

BET theory is based on an oversimplified model of multilayer adsorption and for these the
reliability of the BET method is questionable unless certain conditions are fulfilled. The BET
theory is somehow an extension of the Langrtheory, which is valid only for a monolayer

and is taking different hypothesis adapted for the multilayer adsorption into account. The main
assumptions are that the gas is physically adsorbed on solids in layers without interaction

between the layers sbdt the Langmuir theory can be applied to each layer.

21



The specific surface area of a powder is determined by the physical adsorption of a gas on the
surface of the solid and by calculating the area from the amount of adsorbed gas assuming a
monomoleculatayer on the surface. Physical adsorption results from relatively weak forces
(van der Waals forces) between the adsorbed gas molecujean(Nthe adsorbent surface of

the tested powder. The amount of gasatfsorbed on the sample with mass &l dependnt

on the equilibrium pressure P, the temperature T and the nature of thanggle system,

which has to be take into account for a BET analysis. The amount of gas adsorbed can be
measured by a volumetric or continuous flow procedure, depending ostitueriant. Usually,

the data are treated accordioghe BET adsorption isotherfaguation(8).

— (8)

Here P and fare the equilibrium and the saturation pressure of adsorbates at the temperature
of adsorption, Yis the volume of the adsorbed gas quantity, ands\thequantity of the gas

for one monolayer adsorbed.s a BET constant expressed as:

(9)
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Where k and E are the heat of adsorption equal to the one of liquefaction for the first layer
and for the secondr higher, respectively. On this bases, the BET plot consists in having on
the x axis the ratio (PdPand onthe y axis the left terms d&quation 6 this correlation gives

a linear dependent plot, valid in the range of G#5R < 0.35. The slope ($nd the intercept

(i) of this linear plot are used to calculate the Volume of the adsorbed.gas & monolayer

and c as shown biquation(15).

. P i (10)
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Knowing these2 parameters, the specific surface area of the material can be calculated with
the mass of the sample. In this wéye total surface area{&nd specific surface area BET

(Seev) are expressed by Equatiofid)and(12).

w0 i
y 80 (12)
wWw
. 2Y0
3A A o.o— (12)

Here N is Avogadro’s number, s the adsorption crossoseofithe particles, ¥the molar

volume of the adsorbate gas, and Me mass of the sample. The measurements were
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performed using Bas adsorbed gas wighQuantachrome Autosorb iQhe determination was

carried out at the teperature of liquid nitroge(v7 K) as usually donéor the measurement

The accurately weighed powder was placed in a glass tube with a glass filler road to reduce the
dead volume for increasing the precision of the measurement. Before starting with the
adsorption on the sample, stmecessary to remove gasses and vapours that may have become

physically adsorbed onto the surface after synthesis, during treatment, handling or storage.

The outgassing conditions are critical for obtaining the required precision and accuracy of
specificsurface area measurements. The outgassing conditions defined by the temperature,
pressure, and time are chosen so that the original surface of the solid is not influenced. In fact,
in case of a not complete outgassing, the specific surface area may bedredunay be
changed because an intermediate area of the surface is covered with molecules of the

previously adsorbed gases or vapours.

In addition, the outgassing condition has to yield to reproducible BET plots and no detectable

physical or chemical cimges in the powde

The Nitrogen adsorption was done with a multipoint measurement, in particular 11 points, and
for each point was the specific surface area of the sample evaluated.

In addition, the BET theory allows estimating the particle size. Itsedan the hypothesis

that the particles are spleal with a voluméeV and surfacé& of a ball

o - o . (13

By this the particle siz&can be calculated from the specific BET area of the saacubeding
to Equation(14).

0] (14
6 0"Y

3.4 Bulk structural analysis: Xay powder diffraction (XRD) and Rietveld

refinement

X-r ay powder di ffraction ( XRD) I s pavidesapi d
information about the structure in crystalline materials, which is used for phase identification
of crystalline material and can provide information on unit cell dimensions with an appropriate
treatment of the data. It is also one of the few tepghes that can identify the position and

occupancy of the ions incorpordteto the molecular structure.
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A cathode Xray tube is used and the generated radiation is filtered to produce monochromatic
radiation, collimated to concentrate, and directed tdwie sample. The interaction of the
incident rays with the sample produces constructive interference (and a diffracted ray) when

conditions satisfy Bragg's Law as shoinrFigure7 andEquation(15).

Incident .
Iy ffane wave ,_,.—r'
-~ A
ee e ale Tl
o e f'
Lle o o “j‘t"f ® e Constructive interference
dsine when
e o o o o @ nik =2d sin 6
BJ"BQ’Q”S Law

L L L] L L
Figure7: Bragg conditionshowingconstructive interferenc.
¢ _ ¢Qi Q (15)

With n the integer, a -Rdybeam dthedpaabgtivden abtomict h e
l ayer s i n tidhte aglaoytisetinaidenca of the-Rahys.

This law relates the wavelength of electromagnetic radiation to the diffraction angle and the
lattice spacing in a crystalline sample. These diffractedys are then detected, processed and
counted. By scannig t he sample through a range of
directions of the lattice should be attained due to the random orientation of the powdered
material. Conversion of the diffraction peaks to d spacing allows identification of the material
because each crystalline material has a set of unique data. Typically, this is achieved by
comparison of gpacingwith standardeference patterns from the IC©Dibrary.>” XRD can

be applied to powders aingle crystals, which need different instruments. It is important to
underline that an accurate collection of the diffractechys and the sample preparation is

necessary.

Different modes of data collection are used, mostly the transmission and-BSeitgrer

geometry. The transmission madanore suitable for the isitu measurements.

On theother part the Deby8cherer is more suitable for the powdeis necessario be careful
at the geometry of the diffractometer, the calibration and the guaflithe instrument

alignment.

A crystalline compound, analysed with XRD, gives a diffraction pattern consisting of well

defined, narrow, sharp and significant peaks.
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The powder material is usually finely ground, homogenized, and an average bulk is measured.
From this the crystallinity of the powder can be determined by comparing the integrated

intensity of the background petn to that of the measurement.

The phases and structures of the crystals were identified usiag Hiffraction analysis
performed wih a STOE STADIP diffractometer (STOE, Germany) usingKvid radiation

( 0.70932A, 50kV, 40mA) and a Mythen 1K detector. The diffraction patterns for the
crystalline powders were collected with a capillary (@M@) in a DebyeScherer mode.
Regarding he 2U range, two differ en340°dvihtasteps et s
size 0f0.015° and measurement tinmed 240s/stepfor 20min measurement for all samples

and 360° with a step size of 0.015and measurement time ofsitep for overnigh
measurements for samples without impurity and side phase. All measurements were compared

with the ICCD library for checking the synthesized phase of the sample.

The accurate collection of the data in Debye Scherer mode are important also for the atibseque

treatment of the Rietveld Refinement, which is performed with the Fullprof software p&€kage.

With a Rietveld treatment of the data, it can be deduced a significant amount of information
from the sample. Perfoning a Rietveld Refinement requires usually a known crystal structure
and paameters of the instrumentn order to havethe information from the Rietveld
Refinement a model is used to analyse the pattern. In fact, Rietveld Refinement provides results
on amodel and for fitting the experimental results, different strategies for refinement can be
found with an accurate evaluation of the convergence to avoid wrong interpretation of the data.
Mainly, the structural phase of the crystals, with lattice parametdume of the cell,

occupancy of the atoms in the unit cell and information related to our purpose can be identified.

The Refinement Strategy, used for the XRD pattern, will be described in details during the

analysis of the pattern for the samples.
3.5 Ink preparatiorand coating

To prepare the electrodes, it is necessary to make a slurry of active material (AM), conductive
additives and a binding agent, which is then coated on Cu or Al foil for anodes or cathodes.
The inks for comparing the performanceatifthe synthesized materials contained8@M,

which were tested in Swagelok celghile for the in situ XRD gee chapteB.8.]) electrodes

with 92% AM were made to get good patterns from the material.
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For dl tested AM carbon black (Super C65, TIMCAL, Switzerland) was used as conductive
additive and PVdF (Polyvinyliderdifluoride, Kynar HSV 900, Arkema, France) was used as
binder. All the ingredients were dispersed irméthyl2-pyrrolidone (NMP, Sigma Aldch,
Germany) and put in a planetary centrifugal mixgrigky, USA). The NMP was added step
by-step to the solids and mixed. For different requirements to the ink different compositions
were prepared, depending on the use of the electrode. All thesluaie mixed in a four step
procedure, where first hundred percent of the solid content were mixediiara2 1000pm.
Afterwards a third of NMP was added and mixed fonif at 2000pm two times. In between

all the steps the homogeneity and the vidgad the ink were checked. After the third addition

of NMP the ink was mixed 1@in at 2000pm also to degas the ink for getting a homogeneous

coating.

The resulting viscous slurry with a solid content oPb&a was maintained and was cast onto
a thin duminium foil (MTI corporation USA, 18m), using a doctor blade (RK Print Coat
Instruments, UK). After drying at 55°C for 2h in a seldde drying ovenelectrodes with
10 mm diameter were punched and then dried at°C20vernight under vacuum in a glass
oven (Buchi oven 585, Switzerland).

For AM which is showing aggtoerates, a ball mill (Fritsch, Pulverisette 7 Premiune).was

used to mix the AM, SuperC65 and Binder with NMP in the same composition. For thisla 20
ZrOz jar war used with 10 balls df0 mm diameter for ensuring the grinding function of the

ball mill. The powders were added on top of the balls and all the NMP was added in one step.
The ink was then mixed at 180m for 1h. After thisprocedurethe ink was coated on the-Al

foil and dreed identical to the process for the ink produced with the planetary mixer.

For the OEMS measuremei® 8.2, the inks were prepared using also the planetary mixer in
several steps, with the different ratio of@gvt of AM, 2 %wt of Super C65 conductive carbon
and 2%wt of PVDF with NMP. The very viscous slurry was coated gtamlesssteelmesh
(SS) (The Mesh Company Ltd, UK, SS316, aperture 26 um, wire diametan@for gas
permeation for the OEMS measuremen

3.6 T-cellassembling

Swagelok Tcells Figure8 a) were assembdan an argon filled glowox (MBraun, Germany,
H>O and Q< 0.1ppm,) using two glasBbre separators (VWR, Germany, glass microfiber
filter, 691)and 18QuL of LP57 electrolyte (1 M LiP&in EC:EMC 37 %wt, < 20 ppm RO,
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BASF, Germany). For threglectrodes measuremenkEdgure8 b), a metal lithium foil (450

pum thickness, Rockwood Lithium, USA) was used¢c@snter and reference electrode.

Figure8: Swagelokcell (A) and connection ithreeelectrode setip (B)

Electrochemical tests as-r@te and lifetime characterizations, (described in the next
subchapter) were carried out iclanatic chamber at 25C (Binder, Germany) using a battery
cycler (Maccor, USA, Series 4000).

3.7 C-rate and life test characterization

The rate capability test determines the specific capacity of the AM at different C rate with
chargedischarge cycles of theell. The C rate is the electrical current that is imposed to the
cell, where 1C is the current which charges or discharges the theoretical capacity of the cell
within 1 h. If the cell is cycled at C/10, the current would be a factor 10 less, by 10 thetc

would be a factor 10 higher.

For having a good electrochemical characterization of the material in terms of capacity and its
behaviour during cycling, different-ates have to be investigated. For this, 3 cycles of C/10
were applied to the battefgllowed by 3 cycles of C/5, C/2, 1C and 2C. After this a cycle test
was performed with 200 cycles at C/2.

The measured capacities were normalized to the active material of the electrode.
3.8 In situ-operando techniques
3.8.1 In situXRD

The XRD is a suitable techque for understanding the structure of various materials. Due to
the availability of better Xay source, with high resolution, the importance was increased.

However, even if it was already used for the characterization of battery materials for a long

27



time, the challenge started again with the possibility to have a cell that allows the structural
characterization of the materials during the charge and discharge of it. In this way, the problems
of ex-situ measurements, like during disassembling the cetipatact or relaxation processes,

are overcome® In the case of combination of the electrochemical characterization with the
XRD, the degree of lithiation of the material can be controlled and the changes in the structure

of the active mterial can be monitored simultaneously.

Obviously, the synergy of both technique leads to a detailed investigation, however there are
problems regarding the correlation of data from different instruments and it has to be taken into
consideration that theariation of the structure due to cycling the cell during the recording of
the XRD pattern might be an issgé>*

In this case the #situ XRD pattern are collected in the transmission mode with a sample holder
developed at the Chair of Technical ElectrochémiSTEC) at Technical University Munich,
which can be used with the XRD instrantin the lab, as shown in Figukeand B The cells

for this sample holder are pouch cells, which are budtlhag of ampylene coated aluminium

foil. The electrodes are cut with a size af3x 3 cm. The separators (Celgard C2325) were
cut with a size of 3.8mx 3.5cm (bigger than the cathode to ensure the isolation between

cathode and anode).

The pouch ells were preassembled outside of the glovebox, After the partial assembling
outside, the setup was dried in the glass oven overnight at 90°C under vacuum. The final
assembling was done in the glovebox, with a lithium metallic foil as negative elecubde, c

the size of 3.8mx 3.5cm, filled with 700uL of LP57 electrolyte and finally sealed in a

vacuum chamber seali device C100, Multivag applying a vacuum of 5tbar.

The pouch cell was put in the sample holder for the XRD measurement and corioected
charge and discharge to a potentiostat (Biologic, VAOB).

For the in situ XRD measurements a pouch wel$ built which contained a cathode with
92wt% AM, 4wt% PVdF binder and wt% Super C65 conductive carbon. TWwelgard
separators (500 um thinkss each) soaked with 700 pl electrolyte (LP57) and lithium metal
foil (Rockwood Lithium, 450 pnthickness) as anode were used.
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Figure9: A; Pouch cell design, B)evice for mounting the pouch cell for the STOEABT P diffractometer in

transmis®n mode and C; mounted pouch cell on the STOE STADI P diffractometer.

The XRD pattern were recorded in transmission mode with a wavelength @70930 (Mo
KU source). For all LM@lithium cell, the XRD scans were performed betweerdJ.0
44.965 of 2d with a step size of 0.015and a step time of g, which resulted in 4&in for
each recorded pattern.

3.8.2 Online Electrochemical Mass Spectrometry (OEMS) and OEMIB

assembling

Mass Spectrometry (MS) is a powerful technique baseédlyran the measurement of the ratio

of mass to charge (m/z) that is specific for each molecule due to the fragmentation of the
molecule. The fragments are ionized for being able to be measured. A typical mass spectrum
is an intensity plotted versus mvalues and is used usually in combination with other
instruments depending on the aim of the analysidif@nElectrochemical Mass Spectrometry
(OEMS) was used for the first time in the battery characterization by the Technical
Electrochemistry Munich, wherthe setup was designed and improved since 20Xaftery
operatior?¥ %! With the OEMS the gas evolution in the cell can be moeitan operando
during cycling the cell. TheigurelOillustrates the satip of the OEMS system ddweped by
Tsiouvaraset al>® The design of this Mass Spectrometry consists in a single stage pressure
reduction from ambient pressure to the high vacuum required by the MS (Pfeiffer Vacuum,
QMA 410). The mesurements of the gas evolution during the operation of the cell can be done
with the special cell shown igurelldesigned in the same group.
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Figure10: Ontline electrochemical massegiromeer (OEMS) system. Developed at TEC by Tsiaras et at?

Figurell: Isometric view of the sealed twammpartmenOEMScell from Metzger et af!

The sampling of the gas is done by sampling the cell headspatesithlished flow rate of

1 yuL/min through a calibrated crimpeapillary. The setup allows a fast time of response in
the order of seconds, which allows to correlate the evolution oégasth the potential of the
cell. The inlet is guided using a tube directly into a differentially pumped-bems ionization
chamber. Usually the working pressure in the ionization chamber is®hb@r and 1*10
mbar at the Secondary Electron Muligolof the MS, this allows the quantification in the order

of ppmtlevel for the evolved gasses.

The cells were assembled in an Argoled glove box in different steps; putting a im
diameter lithium foil as negative electrode on the lopaat of the ell (Figure11) put 20uL
of electrolyte LP57 and add 2 porous polyolefin separators witihhr@Gdiameter (Celgd,
USA, H2013) with 2 times 2(L electrolyte. On this the AM electrode, which was coated on

a mesliof 15 mm diameter was added and soaked witpd@f LP57. A stainless steel mesh

30



(The Mesh Company (Warrington) Ltd) was placed on the cathode for distributing the pressure

of a compressed spring.

Once assembled the cell was connected to the OEMS. Befotiegtthe measurement, the
head space of the OEMS was purged fori with argon to remove the glovebox atmosphere

and to flush the connection of the cell to the OEMS.

A 4 h OCV step was applied before starting the charge of the cell with C/10 witbrdipstat
(Gamry, Series G300) in a climatic chamber (Binder, KB23) &(25

All the gas analysis were normalized to the-8ignal 36, which isnAr isotope.
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4 Synthesis of LiCo®and characterization

LiCoOzis widely used asa commercial cathode matertdHowever, different aspects of this
material have to beaken into account. OveralliCoO, samples are varying in structure,
stoichiometry or morphology due to small changes of the synthesis conditions. In literature
LiCoO.with a hexagonal ce(lspace group Bm) is reported to be the most suitable material
for battery application. The prototype for this kind of structure is known to b&laFeQ
structure. Subsequently 3 different routes of synthesis for LCCbhwvilhown and by this an

easy adjustablmethod for allayered oxides (LNO, LNCO) will be identified.
4.1 Flux method

It was recently reported, that the flux growth method cantte#te preparation of highuality
layered oxides forithium ion batterie$? The flux growth method is up to now the only way

to obtain singles crystals without any thermal strain or defects from the liquid phase. It utilizes
a hightemperaturenelt of inorganic salts as the solvent for the &fjigation®? Although the

flux growth method igeported for onalimensionalLCO single crystals, it was tried out to
enforce this approach for our syaslis, which should restitt crystalline powdef?

In a typical flux growth synthesis, all solids are mixed delicately for 30 minutes using an agate
mortar. As precursors for Coand Li,f8aa nd L yOQvdrA dised respectively, purchased

by Sigma Aldrich (99.995%). NaCl (Sigma Aldrich, 99.99%) flux growth was performed and
it was ensured that the concentration of Co is 5 mol Wt%. The molar ratioz6k: @od

L i O HG@\whs 1:2. The excess otthi is necessary due to the ity at high temperaturé?

The homogeneous mixture was placed in an opgs&tucible and annealed in a tube furnace
with synthetic air. According tdettsu et af? the final temperature was 960G which was hold

for 5h. After annealing the crucible was cooled down to DGt a rate of 208/h and
afterwards to room temperature with the natural cooling rate of the fuftitloe.temperature
program isshown inFigure1l2. After annealing, the crystals were separated and washed from
the flux mixture with warm water to remove the NaCl. The samples were dried in a vacuum
oven at 7C0C.
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Figure12: Temperature procedure for the LiCo@a flux growth synthesis.

The morphology and average size of the Ligofystak were characterized with SEvgure
13, which displays the asbtained LiCoQ From ths the morphology and different shape of
the synthesized particles can be seeme BEM pictures shovimexagonal particles with

different sizes, from 5 tb0 um.

High-vac. SEI 15 t;V High=vac,, \
Figurel3: SEM picture of the LiCoO2 powders obtained with flux glowynthesis after annealing at 5@

Particle size in the range ofI®um.

Figure 14 shows the XRD profiles of the -abtained powder. For identification of the phase
and to check for crystalline side phasesher presence of impurities first the ICCD database
was used. The pattern was checked for Li¢a@d/or CgO4 before performing a detailed
analysis of the XRD pattern with a Rietveld refinement.

All diffraction lines are in agreement with the ICCD d&®®F75-0532 for LiCoO,. However,
some diffraction lines agreewith CxOs (ICCD data PDF00-42-1467), with a main

characteristic peak at T%f (seeFigurel14). Presencef CosOsmight be due to a not complete
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dissoluton in NaCl or even a decomposition of LIiCg@ven if it is reported to baable at

high temperaturé®

In addition, the NaCl flux created problems with the quarte tdue to the open crucible in the

tube furnace because of the volatility of Li. Another problem might be the evaporation of NaCl
as itis in a continuous fluRue to this, the flux growth synthesis was not continued. Moreover,

the unlike spinning of thé&laCl, that cannot be controlled in this synthesis, leads to a not
homogeneous particles size distribution or a phase pure product. Overall, it was decided to use
another method, where the control of synthesis is more reproducible and which will lead to a

phase pure product with small particles.
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Figurel4: X-ray diffraction (XRD) pattern of powdersgisteredvith Mo (KU,2=0.709328) asobtained by the
flux-growthmethod.Analysisshowsthe presence of LiCoO2 ) andimpurity of Co3040).

4.2 Solgelethyleneglycol

According to Peng et al. and also supedrby different literaturea solgel synthesis route is
suitable for the control of the crystall@ghic structurend to obtain a phase pure LEQnN

this literature this synthesis route is identified as the best for getting the requested properties
for a good cathode material. Further it is reported to obtain small and homogeneous particles
with a narrow particle size distribution. In the synthesis, the transition metals and the lithium

ions are first embedded in a polymer matrix to ensure a homogenous and distribution which
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helps to gain the right stoichiwetry. Usually for these kind of syhesis nitrates or acetates are
used as source for the traimn metals (M and Li. As in the Peng paper, it was decided to use
acetages instead of nitrates, which arere environmental friendly. The nitrates are a source
of NOx during the annealin{f Ethylene glycol was used for dissolving both precursors and the
complexing agemn Different experiments were conducted with the procedure described in

details below.

Co(CHCOOQOY*4H>0 (Merckmillipore, >99.0%) and LifH3COO) (Sigma Aldrich, 99,99%)
were used in an atom ratio of 1 (Co: Li) and Citric Acid (CA) (Sigma Aldrich, >99.%) to
Ethylene Glycol (EG) (Sigma Aldrich= 1.113g/mL, 99.8%) in a ratio of 1:7. First, the CA
was dissolved in EG and subsequetitly Co and Li precursor were added. The total molar

ratio for Co, Li and CA was 11: 1. The solution was heated up to P4Dunder stirring to

Oy OH
11
HO A~y + HO OH

OH

form a gel.

ethym;1 glycol citric acid
1
i Complete dissolution

<)oj\0> e <)OJ\O> o

2

lithium acetate , cobalt acetate Dissolve all
1 . .
pink solution

Gel formation
(precursor)
140°C

Evaporation of EG
Gel drying

y

Heat treatment

Figure15. Schematic process for the LiCo®¢nthesis via sefel usimg ethylene glycol as solvent.

From a pink mixture at the beginning, tbelour changed to purple with a gel consistence

during the heating process. However, the gel was not homogeneous. It was assumed that the

solvent was not enoughs reported in the pap# From the qualitative analysis and SEM
pictures it can be observed that the gel ftbmfirst two samples iRigure16 (A and B)were
not suitable for performing the heat treatmértie third sample (with EGCA of ratio of

20: 1) was looking more or less homogenous enough to carry out the heat treatment, which
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was done in a small quantity just to identify if the gel formation was fine. The gel was vacuum
dried at 180°C to obtain an orgamiolymer foam. The SEM imageBigure 16 C) of the gel
precursors show the frame of a polymer with a homogeneous distribution. Anyway, from the
SEM picture the final results for the LCO cannot be predicte

Figurel6: SEM images via sedel INEG, precursors of LiCoO2, A, B: 1st and 2nd batch of synthesis, C, D: 3rd

batch of synthesis precursor and powder after calcination t7&spectively.

The LICoQ was produced by calcining the precursors in synthetic air atG%8 suggested

by Penget al*! Figure17 shows the TGA data and the MS results of the gel precursor. The
weightloss of the gel terminated at@0C and two discrete weigtdss regions occur at 90
190°C and 270400°C. From the TGA/MSesultsit can be deduced that the weight loss in

the first temperature range corresponds to the removal of superficial ethylene glycol of the gel
precursor and the secondth® decomposition of thehelated precursart canbe identified

form the decompositn productg-igure17. The SEM pictue (Figure16 D) of the calcined

LCO shows a narrow particle size distribution watihn average size less thapi8.
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Figure17 Thermogravimetric analyses anthss spectrometr{@@ GA-MS) of the LiCoQ gel precursor a

heating rate of 10K/min.

Figure18 shows the XRD patterns for the LCO powder calcined at 750°C. The pattern shows

the presence of a damant rhombohedral LC@hase as main compound, but the presence of

Co:04 as impuritycan still be noticed around 182d) with a significant intensityrhe presence

of Cas0O4might be due to the volatility of Li at higiemperature, as this Li deficiencyutd let

the cobalt oxides stay unreactaute it is formed® To result in a phase pure sample without

impurities, it should be tested to increase the Li amount dtimgel formation, but due to

the long evaporation of EG at relatively high temperature, a different solvent is te<ted.

EG is an organic viscous solvent in which the disisoh of the educts takes log require a

significant amount o$olvent.Thereforethe evaporation time isy far too much.
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Figure18: XRD-pattern of LCO, Mo (Ky2=0.7093R)(z Li Co0O2 pattern) and (06 Co3¢

synthesized via sajel with ethylene glycahs solvent

4.3 Solgelwater

To overcome the issues of E@hich were described in chaptel, water was used as solvent.

In fact, Predoana et al reported in details the gelling process with water as btéHtCO

was prepared from the gel precursor obtained by thgedohethod in aqueous meg@s shown

in Figure 19. Although studies with nitrates and acetates are described in literature, for
comparison reasons the same acetate precursors were used as for the previous sol gel synthesis.
Li(CH3COO) and Co(CkCOO}»*4H>0 were used in an atom ratio bfl: 1 as metal oxide
source while Citric acid (CA) was used in a molar ratio of 1 to the Cbelating agent. The
agueous solutions of Land Cesalts (0.25n0l/L) was prepared first and the CA was added
afterwards. The mixture was stirred until the solvents were totally dissolved and a clear solution
was obtained. While stirring, the pH was @ated for keeping the metals dilutddhe initial

pH of the mixture was 8, which changedtd = 5.5 when the CA was added and corrected to
pH =6 by adding ammonium hydroxide solution (1M Nid H>O). Afterwards the solution

was heated up to 8C for the gelation processThe gelation occurred after some hours
depending on the quantity of the solvent used and the obtained gel was hof€Cair80 it

was completely dry. Afterwards it was storad 70°C to be kept dry. To ensure the
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homogeneity of theqwders during the thermal treatment, the dry gel was ground in an agate

mortar and put in an ADscrucible.

Ao (I )

lithium acetate cobalt acetate
0.25 M in H,0 0.25 M in Hy0

atom ratio OH
O
water solvent
pH 6 (with NH5) OH
citric actd
solld
Gelification
at 80°C

¢

Evaporation of H,0O
Gel drying at 80°C

’

Heat treatment

Figure19:Schematic representatifor the LiCoQ synthesis via sefjel usingwateras solvent®

LCO was obtained by thermal treatment of the so pegpgel following the procedure with
reported by Pedroana et*&hown inFigure20 The annealing was started with a heating rate
of 1 K/min up to 400°C followed byalh hold at this temgratue to remove all the chelating
agent; then the sample was heated up to*@0@ith 5K/min and was hold at thiemperature

for 6 h. The heat treatment was performed in a static synthetic air atmosphere.
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Figure20: Annealing treatment fahe LiCoO, precursor with K/min up to 400°C and 5K/min up to 700°C

in a staticsynthetic air atmosphere.

The XRD patern of the obtained LC@owder inFigure 21 A shows a good crystadity.
However, CaOais still present as a side phase. The stoichiometry of the sample wafsadenti
by phasematching with ICSilata base to be d.44CoO: comparing with the ICD data (PDF.

As a consequence of the lack of Li it was decided to incthagatio of Li:Co in the precursors
to 12: 1. As aresult, the XRD pattern in thggure21 B shows that the stoichiometric LiCeO

was obtained.
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Figure21: X-ray diffraction (XRD) pattermegisteredwith Mo (KU, 2=0.709328) of LCO powders asbtained
by the solgel water methodvith the Li:Co of 1.2:1. No impurity is noticed.

The SEM pictures irFigure 22 show the gel morphology before annealing (A) and after
annealing(B). Primary particles of the LCO powdé@Figure 22 B) cannot be completely
distinguished due to the low resolution of the SEM. In addition, the range of the particle size
can be determined despite the agglomeratgzimary particles. By counting a significant
number of particles in the SEM picture it is deduced to be between 2 and 5 um. To ensure that
this result is reliable, the specific surface of the LCO was measured with BET and an average
particle size wasalculated with the assumption of spherical particles, as described in the

chapter 2.3This resulted in an average particle size of 3 um.

Highvac. = "SEI. PC-std| | 5ky Highvae ® SEIl PC-std.  15kV

Figure22: SEM pictures for LiCoO;,, A before annealingpolymer frameandB, powders aftecalcination.
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The BET, surface area as described in the chapter 2.3 for the LCO was identified totig.0.4
Consideringthe good control of the gel formation and the obtained phase pure material it was
decided to continue with this method for other l@geoxides. Therefore, sgelwater method

was apped further for other layeredxides even if attention has to be payed tiee used
atmosphere. In addition it is reportedthe literature to workvell for different mixed layered

oxides?36°

After the successful synthesis of LCO, the scale up of the synthesis has to be investigated for
being able to continueith the electrochemical characterization, for which a significant amount

of LCO is needed. Usually the scale up of aqueous synthesis should not be problematic in a
laboratory scale, but the sol gel synthesis has the problem of temperature control gete the
starts to be formed. This results in a not perfect homogeneity during the drying process and
subsequently in a not perfect distribution of elements in the gel. Additionally, the formation of
side phases of cobaltoxides was a problem because of teaipaafl a factor of 10, even if an
excess of lithium for ensuring the stoichiometry was used (from sample3tZ0 LCO-3-3,
Appendix12.]). Obviously, the surface of the vessel was increased and the temperature was
kept consdint during all the gelification procesehe formation of the gel was observed as for

the sample before. From the TGA/MS measurer(ieigure23) and SEM pictur€Figure24)

of the dried gels of the two different synthasissignifiant difference can be observed.

The TGA/MS shows for both gels the decomposition betweerd300°C, mainly with the
evolution of CQ and HO which is in accordance with the mentioned paper fPauroana et

al. which shows the reaction and decomposition of the gel during the annealing procedure.
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Figure23: Thermogravimetd analyses and mass spectromefiGA-MS) of gel precursor sampleCO_3_3
(A) andLCO_3_2 (B,C) atheating rate of 18/min.

SE 98 Bk

Figure24: SEM picture for the precursof LiCoO, synthesized witha-gel water, Ashowing thel. batch of
synthesisandB the 2. batch ofsynthesis
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In particular the sample LG3-2 showsa narrow pek in the TGA signalwhich can be
explained with the low water content of the material, in comparison with the3-8Qvhich

shows a broader temperature range for the decomposition. In addition, it can be noticed
gualitatively from the mass spectrum satgthat the sample has much more water. This is
reasonable if it is considered that the higher quantity of educts results in a bigger quantity of
the gel, which needs to be dried. Due to this the temperature step°&t w@8 hold for longer

time. Howeve, from the TGA/MS measurement of the gel no conclusion on the result of the
final calcination of the gel can be made, but it is used with the aim of identifying the correct
range for the complete decomposition of the precursors and to estimate the tiolelimgthe

furnace.

The SEMpictures(Figure24) of the gel show a negligible differendecan be notice that for
both samples the polymer framework looks not perfect homogeneous, which is maybe caused
by highe water content or just a difference in tla@rple preparation for the SEM.

After the calcination, the LCO from the precursor of L-G@ shows not a phase pure material,
but a significant amount of CoQCPDS 90402 can k& noticed. The intensity of thgeak of
CoO in the XRD measurement of this sample is in comparison withDeeak of hexagonal
LiCoO:z three times highe(Figure25) In addition, the XRD patterns show different phases of
LCO and not only the ikxagonal LiCoQ, which is the aim for theynthesis of battery material.
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Figure25.XRD pattern registered with Mo (#2=0.7093R) for LCO (z ) as obtained from the sgelwater
synthesis, after the scalp. It can be noticed thpresence of impuii#gsas Co3040) and CoQ()

Due to this the synthesis with small amounts of precursors was reproduced. A volume of
200mL for the synthesis was figured out to be the suitable quantity for the synthesis, which
results in an amount of L&, which allows the structural and electrochemical characterization
with one batch. The calcination time was adjusted in accordance to the results of a FGA/MS
measurement, which was performed for each sample. The performed TGA¢EERIrements
resulted in he same wide range of gel decomposition between 330@%hd 430C,

evolving mainly water and carbon dioxide with a total weight loss e85 %6. Additionally,

other decomposition products were observed due to the chelate decomposition, but this signals
were lower in intensity than the others. The quantitative analysis of the gel decompasition ¢

be found in literaturé®

Despite of different parameters in the preparation of the gel, the key role in-thed sphthesis

is the calcination step. In the review by Antolini it is wellatésed, how the final temperature

of the calcination, but also the rate of heating influence the phase formatioreaieguh of

the synthesié® The possibility ohaving different phases as function of the temperature makes
it difficult to predict the success and the reprafility of it each time.In theory the high
calcination temperature ensures the formation of hexagonal LCO with the space ¢§houp R
On the oher hand the high temperature influences the amount of lithium available, as the
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volatility of this is well known¢ Due to this, either the temperature is too lowtfie formation

of the pure hexagonal phase or the lithium is not enough to guarantee the stoichiometric phase
of LCO. In fact, excess of lithium is used in the solid state synthesis of this material fongesulti

in the right stoichiometry®

When the final product shows a stoichiometric and phase pure LCO, the XRD characterization
should be studied in details. For this a Rietveld refinement was performed based on an

overnight XRD measurement, if the Blln XRD measurement showed phase pure LCO.

All the characteristic intensity and lattice parameters in comparistimtiae data from the
ICDD (PDF75-0532 XRD) database

Subsequentlyigure 26 shows the Rietveld profiléor the sample LCEB-4. The profile fits
the XRD pattern with the crystallographic structure based ob-MaFeQ, prototype for this
material as mentioned before, space grouR where Li and Co ions occupy the 3a and 3b
octahedral sites of the trigonal unit cell. The hexagonal lattice paramef@ngtio and

intensity ratiolooz1040f the 003 and 10geaks are given in theablel

Tablel: Results of Rietveld Refinement of the LCO synthesized witlysbivater.

4 LiCoO21 sot
gel water 3 4
A 2.81645(3R
C 14.05978(9A
cla 4.99
l 003/l 104 1.27

The XRD patterns and the hexagoaaindc match well with the LCO reported in the literature
a=2.81645(3R; ¢ =14.05978(9A.(ref) Thec/aratio of 4.99 and weliesolved006/102 and
018/110 peaks for all diffraction patterns are good indicatiorafpefect layered structure.
The fact that the intensity ratio afo¥/l104 IS bigger than 1.2 indicates the absence of cation

mixing, confirmed better by the Rietveld refineméhtf
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For other samples the lattice parameters and other information are raportdde 2. This

shows the good reproducibility of the synthesis. XRD patterns of the samples are shown

with the Rietvéd refinements in th&ppendix12.2

Table2: Results of Rietveld Refinement of the other LCO samples synthesizedomijel water (different

batches) and the commercial LCO from MTI

_ _ LiCoO2i LiCoO21i .
LiCoO2 -sok LiCoO21 sot LiCoO2i
# solgel solgel
gelwater-3-2 | gelwater-3-9 MTI
water-3-5 | water-3-11
¢lAl | 14.05368) 14.002(2) | 14.05044) | 14.063q4) | 281817
alAl | g144g8) 28168(2) | 2.816787) | 2.816714) | 14:066Q)
cla 4.99 4.99 4,99 4,99 4.99
l 00/l 104 1.27 1.27 1.27 1.27 1.25

The selfsynthesized LCO was compared additionally with the commercial LCO, which was

provided by MTI (LiCoQ, MTI Corporation). TheXRD patterns from the commercial LCO

are in agreement with our desired phag#) the lattice paraetersas shownn andTable2.

The most obvious difference is thearticle size, which is 2Am for the MTI sample in

comparis

on to 23 pum for the seksynthesized, ashown by SEM pictures iRigure27.
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Figure27: SEM pictures for LICOQ@(A, self-synthesizes via sa@elwater) and (B, commercial LCO provided
by MTI).

4.4 Electrochemicatharacterization
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Figure28: C rate test at C/10, C/5, C/2, 1C, 2C and cycle at C/2 for 100 cydl#Sad, with inks with80 %

or 92% active material. For eadompositionthe average values 8fcellswith standard deviation are shown.

TheFigure28 shows specific discharge capacity of the rate capability and cycling test for the
LCO for two different compositions of the LCO electrodes, which were measured in half cells
with Li anodes. For better comparison of the diffedattrodes only the discharge capacity is
plotted, which is relevant for the use of a battery. The theoretical capacity of LCO is
274mAh/qg, if the AM would be 1006 delithiated, but for calculating the-r@te a specific
capacity of 150nAh/g is used, with corresponds tonaextraction of Li of x=0.55 inLi1-

xCoQ,, which is the usable capacity for a stable cycling. The upper cut of potential is set to

4.2V vs. Li/Li*, which is for the LCO a high potential limit and already at the limit for the
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irreversble change in the crystal structure of LCO, which anticipates the faster degnaafati
the cell during cycling/ Thus the capacity fade of the cells should be higher than for cells

cycled with a lower cut of potential.

The red curve shows the average specific capacity and standard deviation of 3 cells of
electrodes made with tHeninky mixer with 94% AM, as described in chaptes. The Crate

test (described in chapt8r7) starts at C/10, the initial capacity of the LCO at thisa@ is
131mAh/g. The specific capacity is decreasing witbreasing @ates, as expectédl After

100 cycles in total the measured specific capacity araeCof 2C was 80mAh/g, which is

61% of the initial value. The capacity loss for the sglithesized LCO is higher than
expected, as the LCO is known to be stabie,dt lower cut off potentidf

The black curve shows the average specific capacity and standard deviation of 3 cells of
electrodes made with the ball mill with 89 AM, as described in cpéer 3.5, which should

result in a electrode in which all agglomerates are broken up and thus resulting in a
homogeneous particle size distribution. The disadvantage of the ink preparation with the ball
mill is the longer preparation time atite loss of material due to the fact, that the balls and the
jar are covered with ink which cannot be used any more. Due to this the ball mill was not used
any more for ink preparation. Additionallthe measured specific capacity for the%8(AM

electrods is lower than for the electrodes with®@2AM with a comparable capacity fade.

Subsequently, th&igure 29 shows the average and standard deviation of 3 cells each for
specific discharge capacity for LCO provided MTI in comparison to the se#fiynthesized
LCO. For both materials electrodes with @2AM and 4% SuperC65 and 4 PVdF were

used.
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Figure29: C rate test at C/10, C/5, C/2, 1C, 2C and cycle at C/200rcyclef LiCoO2 (black line self
synthesized LCO and red line commercial LCO) with inks witl®active material. For eaclompositionthe

average values of 3 cells with standard deviation up to 100 cycles are shown.

The cycling stability of the tev material are obviously different and the commercial LCO
shows good stability when it is cycled up to ¥,2out after 10Qycles also this is decreasing
quite significant as shown Figure30. Moreover the stadard deviation is for the LCO from
MTI much lower than for the results of the sgjinthesized LCO.
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Figure30: C rate test at C/10, C/5, C/2, 1C, 2C and cycle at C/2 for 100 oyfdé€002 (black line self
synthesized LCO anakd line commercial LCO) with inks with 92 active material. For each composition, the

average values of 3 cellgth standard deviation up t®@ cycles are shown

Important to be investigated is a possible difference between the first and second thyle of
battery. This is investigated with the dQ/dV plotHigure31. This plot allows to identify, at

which potential the processes of the active material happen and can tell more on the ongoing
redox process. Adddnally, it can give information about the reversibility or irreversibility
during the operation of the battery. The dQ/dV plot for the LCO shows the first main anodic
peak at a potential below 4.0 V and the corresponding cathodic peak as well. Irrahedite

this peaks is assigned to the3¢H redox couplé® However,from the analysis of the LCO

selfsynthesizeds not a clear argument to say that exactly this redox process is happening.
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Figure31: dQ/dV-plot for LiCoO2 vs Li*/Li, assembledri a Swagelok celllstcharge and 1st discharge

In fact, if only the transition metal is taken into account, for sure only Co is present, but it is
necessary to think also about the influence and the role of the oxygen in the material. Since it
is anotherelement that might influence the electrochemistry, since it is known to be
electrochemical active. Addinally, the anodic peaks at 4.6 and 4.18Vwith the
corresponding cathodic peaks at 4\W0@&nd 4.16V are assigned to the phase transition from

the hexagonal to monocliniand again to hexagor&To sum up, fom the dQ/dV it can be

seen the redox process correlate to the material, that in this case is reversible Moetoeh.2

if borderline.

The subsequent 4gsitu XRD, to understand what is going one during the first charge are

analsed in the subsequent chap

4.5 In-situmeasurementsf LCO

4.5.1 In-situ XRD

The setup of the pouch @l was done as mentioned amapter3.8.1 with LCO electrode
loading of 3.0Gt 0.02mg.co/cn?. It allowed to record continuously XRD pattsrgshown in
Figure 32) during the first C/20 Charge up to 4/8 The XRD pattern were recorded in

transmission mode as described in chapi@rl
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Figure32: Rawdata of then-situ XRD measurement assembled in the pouchlge® vs Li*/Li, chargedat
C/20 up to 4.8/. A: Complete set of the isitu XRD data, with the attention on the 003 reflection. B: Zoom on
the 003 reflection while chargin@.: 003 reflection, the amorphous pattexfter 4.6 V(green curve)

The variation of x in Li-xCoO, wascalculated by the amount of chartgebe 0.035 during the
recording of one pattern with C/20 charge. Where x indicates the degree of delitiiatibn.

means the cell was charged with the maximum theoretical capacityn(@iA4).

The potential curve of the dsitu XRD cell of the LCO vs. Li cycled with C/20 is shown in
Figure33. This is identical to the results of LNO chargedhe Swagelok cell.
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Figure33 Charge curve for thpouch cellLCO vs Li*/Li during he insitu XRD datacollectionwith C/20.
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Before starting the electrochemical cycling of the cell, an XRD pattern was collected in the
pristine state. The result is shownRigure34. By comparing the observed reflection positions

of the LCO electrode to the standard capillary measurement of the pure LCO powder, a good
agreement between both diffractipatterns can be recognized. All additional reflections in the

upper pattern can be assigned to the aluminium current collector or the aluminium containing

pouch foil.

LiCo00O2
L '0.0.;’ T i
= = ¢ 1. Yobs —
-§ = = 2. Ycalc 1
§ - = 3. Yobs-Ycalc .
. - I 4. Bragg_position 4
~E | ;
s | 101 1
s | 1
g L .
s | L- U. , ‘ ]
= i ‘ f 1
Al (Fm-3m) w .
FLi (Im-3m) | I N
FLCO (R-3m) " | c e P o D

0 10 20

h
=]

20(")

Figure34: XRD pattern of theristineLCO electrodeassembld in the pouch cell vs LiLi, cell before

charging Rietveld refinement for the three components. Due to high intensity Abmis

One obvious difference, however, is the highly reduced beam intensity of the LCO electrode
diffraction pattern. The reasdor this difference in intensity is the increase of the path length
through the Aluminium foil, pouch cell foil, Li anode, separator and electrolyte which
decreases the transmission of theaXs.Furthermore the electrolyte in combination with the
sepaator and the Pouch foil absorbrdys and therefe the dedcted intensity decreases, too.
Additionally, the thickness of the pouch cell and the layers of aluminium make it difficult to
distinguish all pattern for the LCO with a good resolution. Neverfiselthe main reflections

for the investigation of the LCO structure, e.g. 003 and 101, can be distinguished very well.

A first qualitative analysis of the XRD patterns of the pouch cell cycled at C/20 shows a shift
of the 003 and 101 reflection, whilel &l -reflection do not change its positions. Another
important fact that indicates structural changes at high states of charge is the splitting of
reflection 003 into 2 reflections, observed at potential slightly higher thawi dn2 Additional
upcoming eflections an be observed also at 1984
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All patterns were analysed using Rietveld refinement. For the cell charged up % #h&5
Rietveld refinements were calculated ggie FullProf software packageAl (F m-3m),

LCO (R-3m), and Li (Im-3m) were refined according to their space group. The refined
parameters are the scale factor, the specimen displacement or zero shdtkip®und, the
lattice parameters, the profile parameters W and X and thenastyy. Instrumental reflection
broadening was refined with silicon standard and the reflection profile parameters were
included in the refinement. The atomic coordinates, obtained from a lkysdphic
information file (CSD 51182, were kept constanEor having a better resolution and due to
the high intensity of the Aleflections, this phase was refined first. After that theefllections

were taken out for theubsequent LCO refinement.

The refinement of pristine LCO is for example shownfrigure 34 shows the variation of
andc lattice-parameters and tle#aratio during the electrochemicaglithiation, charge curve
is shown inFigure 33. The lithium content in the structure can be calculasdalready
discussed in sectiof.5.1third paragraph. durinthe delithiation of the LCO structure. The
data reveal that the initigaD3 structure of LixCoQ; is maintained up to bi4CoC; that
corresponds to a capacibf 126 mAh/g and 4.2V vs Li*/Li. At this point, where x
equals0.46, the maximure parameter (14.035(A) is reached. In comparison in the pristine
state the c lattice parameter was 14.41&(Mlevertheless, at x=0.46 LCO still maintains the
ordered hexagml structure. The parameter in fact is increasing on the z direction during the
delithiation, however, the variation fay which is changing from 2.8124(4)to 2.8066(7A,

is much smallerqa~ 0.006A, qr ~0.4A). In fact, the c parameter is dominiaconsidering
the c/a ratio and therefore c/a shows the same trend53W4vs Li*/Li the 003 reflection is
decreasing in intensity and a new reflection is observed that is attributed to a kegagdnal
LCO phase.

The hexagonamonoclinic transform@on is as reliable as the hexagohakagonal one
however, the data were refined well with the hexagonal pfiasespinel phase was exded
because it showsdiscrepancyn thereflections by the Rietveld analg. In fact the values of
lattice parareter after x=0.46 are obtained from the refinement of an hexagedwa phase

until x=0.22 at 4.53/ vs Li*/Li. Thereby the c latticdecreases but maintained th&R phase.
However, the structure started after ¥.40 change irreversible and from5V it is getting
amorphousAt x=0.18, it was not possible to discriminate the real reflections and to obtain the

c lattice parameterssince it is obvious ifFigure 32, no crystalline structure can be refined
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anymore because thetémsity of the reflections is too low, the half width of the reflections is

too broad and the signal to noisgiois very bad

charged spec. capacity [mAh/g]

0 50 100 150 200 250
5.15 T T T T T T T T T T

5.10 c/a . i

T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0

x.ifi Li ,CoO,

(1-x)

Figure35 Variation of lattice parametees, ¢ and ratioc/a, subsequent of the Rietveld refinerhefthe

LiCoOy, in the hexagonal space group3R) duringdelithiation

Additionally, in-situ XRD patern were recorded with C/18jgure 36. The evolution of the
reflections is similar to that observed for th@Ecycling. Therefore it was renounced to an

additional refinement.
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Figure36. Rawpatternof the insitu XRD measurement in the pouch celLgfO vs Li*/Li, chargedat C/10.

4.5.2 In-situ OEMS

I n order to analgmelctel d glaus i enwgo It thtei-cdenl sftwacsh a
built as desXZr&.band OBMS happeri melntt was Ypsad c
el ectradéoafdimgd/6c m|] mgl @.f 54t @lnfwo pat gmer s se
soaked with 120 OL electrolyte (LIFguwmeBR? and a
shows the OEMS data obtainedVwhiThe opbaegi pagr
graph shows the viUdldtalye odl IL,COt vermiuddlLe t he
CO apandHl ower panel shows ther atoesesponding
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Figure37: OEMSmeasuremenrdf LCO vs Li*/Li, charged at C/10 up to 4\8 Upperpanelshowsthe voltage

curveof the cell in themiddlethe gagsevolved with the gas evolution rate in the below one.

The CQ evolution starts at 4.¥ vs Li*/Li followed by a continuous increase up to ¥.&s
Li*/Li and continuing with a lower evolution rate durihgtCV step. The CO anclévolution
start slightly before 4.8. The onset of the Hand CO evolution can be correlated with the
decomposition of therganic electrolyte as shown by Zhang ef’aind with the structural

changes in thpowder diffraction patterns at this voltage (deag.5.1).
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5 Synthesiof LINIO2 and characterization

5.1 Sol-gelwater synthesis and characterization

In the literature is well described that it is almost impossible to synthesize the stoichiometric
LiNiO2 (LNO), but results close to this can be reached. In fact another convention to write this

material is Li-;Ni1+/2, due to the cation mixing, since'lis similar in dimension with Nf 3!

Since for the stoichiometric LCO the water-gel was identified as a good route for having a
phase pure material with an acceptable control of the morphology, the same wathoxbd

with adapting some parameters for LNO. For comparison reasons as few as possible parameters
were modified and the same precursors were used; acetates as metal sources and citric acid as
complexing agent. A lithiuamickel-citrate gel precursor wasbtained following the same
procedure as for CO reported by Pedroana etalLi(CH3COO) (Sigma Aldrich, 99.99%)

and Ni(CH3COO0)2*4H20 (Sigma Aldiic >99.0%) were used in a molatio of 1.2: 1 as

metal oxide sources, citricidovas used in a molar ratio of 1 in relation to the Ni as chelating
agent. The formation of the gel was performed by following the same Bigps 38 as
describedn the LCO paragrapfh.3with the only variationn the pH, which was set t057.0

with ammonium hydroxide$:

(A

2

lithium acetate nickel acetate
025MmH70 0.25 M in H,0
atom ratio 1

O
water solvent
pH 6/7 (with OH
NHz) citric amd
sol|d
Gelification
at 80°C

'

Evaporation of H,O
Gel drying at 80°C

’

Heat treatment

Figure38: Schematic representation for the LiNiO2 synthesis viaygeblising water as solvent.
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The thermal treatment was changed due to the instability®dfiNLiNiO 2 in air atmosphere
to an oxygen onéor the calcination step. In fact, it is reported the stabilization of theimNi

oxygenatmospheré?

Based on the literature and on the TGA/MS measurerr@nire39) the heat treatment was
performed in 2 stepss shavn in Figure40.”* The DSC signal of the TGMS measurement
shows two different important peaks correlated to a significant weight lost, the first in the range
of 310-390°C and the second between 4580 °C. Additionally, the mass spectrum confirms

the decomposition of the complex agent with the evolution of, @O andobviously,H>O

due to the solvent.

100
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20 H

-10

T T T T T T T
200 400 600 800

6 - -
- ——H,0 (m/z=18)
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£ 44 —— CO, (m/z =44) .
£
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200 400 600 800

T [°C]

Figure39: Thermogravimetric analyses and mass spectrometers-Mi&)of gel precursor for LiNiO2 at

heating rate of 10K/min.
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Figure40: Preannealing treatmefdr LiNiO2 precursor with K/min up to 400°C and 5K/min up to 600°C in

synthetic air atmosphere and annealing treatment withmin up to 800°C in oxygen atmosphere.

The precalcination step of the precursors of the LNO was done in air atmosplt&e °at
for 6 h, theprocedure is shown in thegure40. Subsequently, the particles were ground in an
agate mortar and calcined at 8@ for 13h in an oxygen atmosphere. After this annealing

LNO powder was obtaed.

The XRD pattern of the obtained LN@wder Eigure41) shows agood crystallinity.
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Figure41: X-ray diffraction (XRD) pattermegistered with Mo (Kk2=0.70938) of LNO powders agbtained
by the solgel water methodho impurity is noticed.

The stoichiometry of the sample was identified by ptraa&ching with ICCS data base to be
Li1-zNi1+/O2 with 0.000z 00.02 As mentioned before, the ideal stoiometry LiNiQ: is
difficult to reach, and as a pure crystalline phase can be observed, the sampsedvés

further investigation

The SEM picturesKigure42) shows the gel before pmlcination (A), after prealcination

(B) and after the final annealing (D). Primary particles of the LNO powddtigure42 C, D)

canbe identified with hexagonal shape frahe SEM. Additionally the range of the particle

size can be determined despite the aggloreeia primary particles. By counting a significant
number of particles in the SEM picture, the particle size castimmated to be between 1 and

2 um. To ensure that this result is reliable, the specific surface area of the LNO sample was
measured with BT resulting in 1.9n%/g. This resulted with the assumption of spherical
particles, as dest@xed in chapte8.3, in an average partesize of 0.Qum consistent with the

SEM evaluation.
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Figure42: SEM-pictures of the gel for LNO before poalcination (A), after prealcination (B) and after the

final annealing (C, D).

Subsequentlyigure 43 shows the Rietveld profile for the LNO. The profile fits the XRD
pattern with the grstallographic structure based on thélaFeQ, with a space group RBm

(fig a). In an ideal stoichiometric LNO the'land NF* cations are supposed to occupy the 3a
and 3b octahedral sites of the trigonal unit cell and oxygen the 6c¢ position. However, taking in
consideration the cation midgj, the disorder was refined leading in a better profile matching
(FIG b) In fact the Ni* and Li* result to have site-exchange. The cation mixing, based on the

occupancyvas calculate to be around@
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Figure43 Rietveld Refirmentof the via solgelwaterself-synthesized LiND, (R-3m) of the Xray diffraction
data XRD pattern r eg#+&G70%23e A without chtionMroxindaddLB Ifhpsovement due
to the consideration of the cation mixing.

The hexagonal lattice parametar&g ratio and intensity ratitwosl 1040f the 003 and 104 peaks

are given irthe Table3.

Table3: Results of Rietveld Refinement of the LNO synthesized witlgsbivater.

" LiNiO21 solgel
water
C 14.2061(2A
a 2.8798(8)A
cla 4.932883
l 003/l 104 1.43

The XRD patterns arthe hexagona andc match well with the LNO reported in the literature
a=2.8798(8)A; c=14.2061(2)A. Since the 006/012 and 018/110 peaks are correlate to a
perfect layered structure, in this pattern are not perfect resolved. Moreovefa tiatio is
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4.932883 deviated from the 4.99 assigned usually to a-aselered structure antié fact that

the intensity ratio ofoba/l104is 1.43, bigger than 1-2.3 confirms the presencé the cation

mixing in the LNO3*?

The other samples show good reroducibility of the synthesis of. LiNi1+/O> with

0.000z 00.02.

The selfsynthesized LNO was compared additionally with the censral LNO, which was
provided by SigmsahAldrich (LiNiO2, SigmaAldrich). However, thepatterns from the
commercial LNO are not in agreement with the near stoichiometric pure LNO, but shows

different phase of LNQr impurity Figure44. It can be noticed also some additional peaks

corresponding to a significant amount o@Os as matching with thdCCS data code

(9008283)
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Figure44. XRD patternregistered with Mo (Kh.2=0.70932) of the LNO provided by Sigma Aldrich

mixture of nonstoichiometric LNO andLi,COs was identified

5.2 Electrochemicatharacterization

TheFigure45 shows specific discharge capacity of the rate alipahnd cycling test for the
LNO for two different compositions of the LNO electrodes, which were measured in half cells

with Li anodes. For better comparison of the different electrodes only the discharge capacity is

plotted, which is relevant for these of a battery. The theoretical capacity of LNO is
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274mAh/g, if the AM would be 1006 delithiated, but for calculating the-i@te a specific
capacity of 160nAh/g is used, which corresponds o extraction of Li of x=0.58 in Li-
xNiO2. The upper cutfpotential is set to 4.9 vs. Li/Li*, which is the same as for LCO, even
if for LNO is reported that has a reversib&gpacity also at high potential.

160
140-
120-
100-
80-

60

Spec. capacity [mAh/g]

40

204 —/ LNO, 80:10:10, 4.2V
{——LNO, 92:4:4,42V

0 T T T T T T T T T
0 20 40 60 80 100

Cycle number

Figure45: C rate test at C/10, C/5, C/2, 1C, 2Q@aycle at C/2 for 100 cycles diNiO2 with inks with 80%

or 92% active material. For each composititiie average values of 3 cells with standard deviation are shown

The red curve shows the average specific capacity and standard deviation of & cells
electrodes made with tHéninky mixer with 94% AM, as described in chaptgs. The Grate

test (described in chapt®r7) starts at C/10, the initial capacitytok LCO at this Gate is 144
mAh/g. The specific capacity is decreasing witbreasing &ates, as already seen for LCO.
After 100 cycles in total the measured specifipacity at a @ate ofC/2 was 77mAh/g, which

is 55% of the initial value. The gacity loss for the seynthesized LNO idbetterthan
expected andame for the cycling stability

The black curve shows the average specific capacity and standard deviation of 3 cells of
electrodes made with 8 AM, asdescibed in chapteB.5 which should result in a better

coating due to the better homogeneity, therefore better performance.

Subsequently, th&igure 46 shows the average and standard deviation of 3 cells each for
specific discharge capacity for LNO provided by Sigma Aldrich, in comparison to the self
synthesized LNO. For both materials electrodes witBe98M and 4% SuperC65 and %
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PVdF were used. The commercial LNO from Sigma, however, shows zero activity amotwas

possible to compare in terms oéefrochemical characterization.
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Figure46: C rate test at C/10, C/5, C/2, 1C, 2C and cycle at C/2 for 100 afdlé$O from SigmaAldrich (red
line) and the selbyrthesized_NO (black line)with inks with 92% active material. For eacdamplethe

average values of &lls with standard deviation are shown.

Even more important than for the LCO, is to investigated therdifce between thé'tharge
and P dischargeof the battery, subsequent of the identification of the disorfleis is
investigated with the dQ/dV plot as for LCO. Thayure 31 shows the plot for LNO, an
interesting point is the big difference between ¢hpacity, during the first charge start that
start att91 mAh/gwith an subsequent decreasing forfilg dischargeup to141mAh/g.

Additionally, the dQ/dV is used as indicatioabout the reversibility or irreversibility dung
the operation of the batig in particular here the®icycle. The first main anodic peak is at a

potential below 3.& and the corresponding caiflic peak at 3.& .

It can be noticed, howey, that themain redox peak are not reversible at\3.8ue to the
differene in the interity of the dQ/dV, might be an indication of the reorganization of the
structureOn the other hand, the second, anodic and cathodic peak at hitgrargbeeems to

be reversible.

67



| —e—Tot. Diff. Cap. |

LNO

da/dy [mAhMN]
@

30 3.2 3.4 38 28 40 42

Voltage [V] vs Li+/Li
Figure47: dQ/dV-plot for LNO vsLi*/Li, assemked in a Swagelok cell,stcharge and 1st discharge
In fact, if only the transition meta$ taken into accoungnly nickel is presenthoweveris
necessary to think about the influence and the wmi#® of the oxygenduring the
electrochemical procesH.is another eleent that mighinfluence the electrochemistry and it

is known to be electrochemical actf?€? Additionally, the mixing of the Li with Ni in the

structure can lead to more effects that have tovestigate during the charge.

From the dQ/dV, therefore, it can be seen the redox process correlate to the LNO, watterial
the irreversible first redox process at ¥.&nd reversible at 4.9, but cannot be assigned the

real oxidaion state of the redox couple.

The subsequent-isitu XRD patterns, to understand what is going one during the first charge

will be anaysedin the subsequent chapter.

5.3 In situmeasuremesibf LNO

5.3.1 In-situ XRD

The setup of the pouch cell was developasl mentioned in the chapt®8.1 and was used

with a LNO electrode with the loading of (3.82.02 mg no/cn?).

This setup allows to record continuously XRD patterns (showRigure48) during charging
with C/20 up to 5.%/.

The XRD pattern were recorded in transmission mode as described in ch&pieilhe

variation of x in Li-xNiOzas for the LCO was estimate to be 0.035 during the recording of one
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pattern with C/20 charge. Where x indicates the degree of delithiatoh. means the cell

was charged with theaximum theoretical capacity (2rdAh/q).

Before starting the electrochemical cycling of the cell, an XRD pattern was collected in the
pristine state. The result is showrFigure48. By comparing the observedlestion positions

of the LNO electrode to the standard capillary measurement of the pure LNO powder, a good
agreement between both diffteon patterns can be identifie8Since the pouch cell was build

in the same way, the Al phase is correlated to it.
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Figure48. Rawdata of then-situ XRD measurement assembled in the pouch celDMI Li*/Li, chargedat
C/20 up to 5.2/. A: Complete set of the igitu XRD data, with the attention on the 003 reflection. B: Zoom on
the 003 refletton while charging. C: 003 reflection, pristine (blue curve), phase transformation (red curve) and

stable phase of NigJgreen curve).

One obvious difference, as discussed for the LCO is the higblyced beam intensity of the

LNO electrode diffraction attern. The electrolyte in combination with the separator and the
Pouch foil absorb »XRays and therefore the detected intensity decreases. Nevertheless, the
main reflections for the investigation of the LNO structure, e.g. 003 and cEbi,be

distinguishedrery well.

A first qualitative analysis of the XRD patterns of the pouch cell cycled at C/20 shows a shift
of the 003 and 01 reflectionwhich stay stable up to a high tajge 5.2V. This indicatethat

after the complete delithiation tiseructure is shi crystallineand can be weldentified

The potential curve of thedsitu XRD cell of the LNO vs. Lcharged with a €ate of C/20s

shown inFigure49. This is identical to the results bNO chargedn the Swagelok cell.
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Figure49: Charge curve for thpouch cellwith LNO vs Li*/Li during the insitu XRD collection.

All patterns were analysed using Rietveld refinement. For the cell charged up 1 #hé&5
Rietveld refinements were calculated gsthe FullProf software packatjé® Al (F m-3m),
LNO (R-3m), and Li (Im-3m) were refined according to thespace groums discussed in
section4.5.1for the LCQ The refinement of pristine LNO is shownkigure50.
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Figure50: XRD pattern of theristine LNO electrode assembled in the pouch cell véLli cell before

charging. Rietveld refinement for the three components. Due to high intensity Al was omit.

The accordance in positions are well described. However, the mismatching in theyirtensit
the LNO peaks is important to be taken into accolsit was discussing in the chapter is due
to the mixing of the cation in LNO. In fact the occupancy was refined for the Li and Ni which
confirmed to have at about 2% exchangeable Li and Ni. Subseguérite charging the

refinement is improved. lboks like the structures ordered due to the potential.

Figure 51 shows the variation of a and c lattiparameters and the c/a ratio during the
electrochemical dehiation. Where the lithium content is indicated witkx Jand x is the

guantity of lithium removed durintipe charge.

Thedata reveals that the initisfructure of Li-Ni1+;02, disordered in the pristine remains like
this when the charge is start. Evidrthe lattice parameters are increasing during the charging

process, in the beginning a sort of random variation irc tred parameters can be segnto
x=0.2.

At the point, where x equals 0.59, the maximaiparaneter 14.6310(04 is reached. fat
corresponds to a capacity of 162 mAh/g at M comparison in the pristine state the ¢
lattice parameter was 14.3803f0) The c parameter in fact is increasing on the z direction
during the delithiation, however, the variation &rwhich is changing frm 2.9153(3)A to
2.8641(0)A, is smaller gm~ 0.05A, gr ~ 0.25A), indicates also a significant change. In fact
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thec anda parameters seems to be modified in a proportional way. Subsequently, up to 4.25
V vs Li*/Li the parameters are decreasing in a proportional way,onuh2663(9)A anda
2.8574(8)A, maintaining the position for the hexagonal phase. Additionallyckhis at this
point4.99,this might indicate a welbrganized layered phase. Might be assigned in this way
to a hexagonahexagonal transformation. Additionallyygng the tansformation at 4.2% the
reflection 003 is splitting, however, cannot be really identified if the transformation is just
hexagonahexagonal or it passed through monoclinic one. In fact the refinement with the
monoclinic one (C2/m) and the hexagonal ¢Re3m) fit better the XREpattern. Another
phase that might be possible to fit was the sppilese, whichwas excluded after the

mismatching with the positions.

After the adjustment of the structure was possible to assign the phase better due to the well
defined intensity that was increasing. In fact, up to ¥.7% continuing with the delithiation

with an identified stoichiometry of biiNiO2 and the complete the delithiationidentified to

be after 4.8Y.

However, the structure was changed, tHaeenent was done with the hexagonal phase for
NiO2, which remains stable also at high potential. Therefore, the lattice parameters were
obtained for the RBBm phase of Ni@(Figure51).
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Figure51 Variation of lattice parametegs ¢ and ratioc/a, subsequent of the Rietveld refinement of ithidi Oy,

in the hexagonal space group-8r) duringdelithiation.

Additionally, in-situ XRD pattern were recorded with C/X@ this the raw data are shown in
Figure52. The evolution of the reflections is similar to that observed for the-&/@ing.

Therefore it was renounced to an additional refinement.
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Figure52 : Rawdata of then-situ XRD measurement gfouchcell LNO vs Li*/Li charged at C/10 up to 4\8

5.3.2 In-situ OEMS

For the gas analysis of the first charge, a OEMBwas built agdescribed in chapt 3.8.2
with an LNO with a loadingfa2.6 mg/cm2

Figure 53 showsthe OEMS data obtaied while charging L® at C/10 up to 4.8. In the
upper part of the graph the potential of the cell is shown, while in the middle of the graph the
concentration 0€0,, CO and H are shown, which are the main interest. knlést panel, the

calculated gas evolution rate for this gasses is shown.
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Figure53 OEMS measuremerdf LNO vs Li*/Li, charged at C/10 up to 4\8 Upper panel shows the voltage

curve of the cell, in the middle the gases evolwitth the gas evolution rate in the below one.

The CQ evolution starts at 4.¢ followedby a continuous increasip to 4.8V andcontinuing
alsoduring the CV stepHowever, at 4.6/ the evolution rate arrivedt maximum starts to

decrease.

The CO and H evolution start slightly beforel.8V, this can be correlated with the
decompositionof the organic electrolyte as discussed the LCO and with the structural

changeas shown in the #situ XRD (chapteb.3.J).
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6 Synthesif LiNiosC0ps02 and characterization

6.1 Solgelwater synthesis and characterization

The water sebel synthesis, successful for LCO and nearly stoichiometric LNO, was
implemented also for the mixed LiftNC0.502 (LNCO). The formation of the sejel was
idenically as for the LNO and LCO.

(1) (L)

2

lithium acetate nickel/cobalt acetate
025MmH20 0.25 M in Hy0
atomratio 1

O
water solvent
pH 6/7 (with OH
NH3) citric acnd
sohd
Gelification
at 80°C

¢

Evaporation of H,0O
Gel drying at 80°C

v

Heat treatment

Figure54: Schematic representation for the LiNiIG&0.502 synthesis via sajel using water as solvent.

A lithium-cobaltnickelcitrate gel precursor was obtained following the same procedure
descibed in chapter xx.i (CHzCOO) (Sigma Aldrich, 99.99%), Ni(G3&00)»*4H,0 (Sigma
Aldrich, >99.0%), Co(CHCOOQO)*4H,0 were used in an atom ratiob®: 0.5: 0.5 as metal
oxide sources, citric acid was used in a molar ratio of 1 in relation to the sumalfase
chelating agent. The formation of the gel follows the same ssegpssaribed ifrigure54, the

pH was corrected to %.7.0 with ammonium hydroxides.

In the case of the LNCO for the thermal treatment it deasded due to the usage of nickel to

perform the same heating treatment aghe LNO,as described inhapter5.1in Figure40.
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Figure55: Thermogravimetric analyses and mass spectrometers{MIS)of gel precursor for
LiNi0.5C00.502 at heating rate of 2&/min.

Even if the DSC signal of the T@GMS measurement shows two different important peaks near
one to each other. Where the first anclosel are in the range of 3@30°C and subsequently
340-415°C. Additionally the mass spectrum confirms the decomposition of the complex agent

with the evolution of C@ CO and obviously, D due to the solvent.

In fact, might be possible to use the sameat treatment as for the LCOdatine synthetic air

atmosphere.

Overall theXRD pattern of the obtained LNG@owdershown inFigure 57 shows a good
crystallinity. The stoichiometry of the sample was identified by phaatehing wih ICCS

data base to be LibliCos0. (PDF 02072-8321) The SEM pictures ifrigure56 show the

gel morpholgy after the annealing {BIn addition, the range of the particle size can be
determined, by countingsagnificant number of particles in the SEM picture. It is deduced to

be between 3 and 4 um. To ensure that this result is reliable, the specific surface area of the

LNCO was investigated with BET and an average particle size was calculated with the
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assumpbn of spherical particles, as described in the chapter 2.3. This resulted in an average

particle size of 3 um caisted with the SEM evaluation.

2 pm
x 7500 13/09:2016 000010

Figure56. SEM-pictures of the gel for LNCO aratfter the final annealing

The BET,surface aremeasureds described in the chap®B, was identified to be 0.4%g.

Subsequentlyigure 57 shows the Rietveld profile for the LNCO. The profile fite tXRD
pattern with the c¢cryst alNaFeQy withpdpacegrospgRBnuct ur e

LiNi0.5C00.502
g ; “ 104 ? _
| _s
§ | ;
E ; 101, '
‘3 g 12 0"\?]’10
~ f "
B 006 _ l l ]
; | I I | [ T 1 1 1 O O &
e :
0 10 20 30 40 50 60
26 (°)

Figure57 Rietveldof the XRD of LNCO synthesized with sedel water synthesis.

The hexagonal lattice parameterig ratio and ntensity ratid ooz 1040f the 003 and 104 peaks
are given in th@able4
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Table4: Results of Rietveld Refinement of the LNCO synthesized witlyebivater.

" LiNio.sC00.502 i
solgel water
c 14.12459(5A
a 2.84287(JA
cla 4.97
lood/l 104 1.2

The XRD patterns and the hexagomahnd ¢ match well with the LNCO reported in the
literaturea =2.84287(F A; c=14.12459(%A. The 006/012 and 018/110 peaks are correlate
to a perfect layered structure, tims pattern are wellesolved. Even if, the/aratio is4.97,
slightly deviated from the 4.99 assigned usually to a-arelered structure antle fact that the

intensity ratio of dodl104is 1.2 confirms that this structuneaintains the order struceir

Since only one sample was successful synthesized alatheare given for this sample.
6.2 Electrochemicatharacterization

TheFigure58 shows specific discharge capacity of the rate capability and cyclingorettet

LNCO (LiNio.sC.502) for two different compositions of the LNCO electrodes, which were
measured in half cells with Li anodes. For better comparison of the different electrodes only
the discharge capacity is plotted, which is relevant for the usebattery. The theoretical
capacity of LNCO is 274nAh/g, if the AM would be 1006 delithiated, but for calculating the
C-rate a specific capacity of 158Ah/g is used, which corresponds to an extraction of Li of

x =0.58 in LixNiosCao.502. The upper @t of potential is set to 4X2 vs. Li/Li*, which is the

same as for LCOral LNO.
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Figure58: C rate test at C/10, C/5, C/2, 1C, 2C and cycle at C/2 for 100 ofdéNi0.5C00.502 with inks
with 80% or92 % active material. For each composititime average values of 3 cells with standard deviation

are shown.

The red curve shows the average specific capacity and standard deviation of 3 cells of
electrodes made with tHéninky mixer with 92% AM, as descbed in chapteB.5. The Grate

test (described in chapt8r7) starts at C/10, the initial discharge capacity of the LNCO at this
C-rate is 152 mAh/g. After 100 cyes in total the measured specific capacity atrat€ of 2C

was 134mAh/g, which is 88% of the initial value. However, if looking at the conservation of

the energy at the samer@te, 2C it starts with 142Ah/g and ends at 13%Ah/g, with a really
goodconservation of capacity, only 6 % of capacity loss.

The black curve shows the average specific capacity and standard deviation of 3 cells of
electrodes made with 83 AM.
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Figure59: dQ/dV-plot for LiNi0.5C00.502 vs Li*/Li, assenbled in a Swagelok cell,st charge and 1st

discharge
6.3 In situmeasuremesion LNCO

6.3.1 In-situ XRD

The setup of the pouch cell was résgd as mentioned in chap88B.1with aLNCO electrode
with aloadingof 3.03+ 0.01mg nco/cn?. This setup allowed to record continuously XRD
patterns (shown ifrigure60) during thefirst C/20 charge up to 5¥. The XRD pattern were

recorded in transmission mode as described in chaj@dr
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Figure60:Raw-data of then-situ XRD measurement assembled in the pouchldeCO vs Li*/Li, chargedat
C/20 up to 5.0/. A: Complete set of the isitu XRD data, with the attention on the 003 reflection. B: Zoom on

the 003 reflection while charging. C: 003 reflection, the amorphous pattern after 4.7 V (green curve).
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The potential curve of the 4situ XRD charging thecell of LNCO vs. Liwith C/20is shown
in Figure61. This is identical to theesults of LNO charged in the Swagelok cell.
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Figure61: Charge curve for thpouch cell LNCO vs L¥Li during the insitu XRD collection charged with
C/20.

Considering the exchanged amount of electrdms,viariation of x in LixC0o.sNio.s02 was
calculatedto be 0.035ill the end of chargeX indicates the degree of delithiatiandx = 1

means the cell was charged with the maximum theoretical capacityn@fi/y). Before
starting the electrochemical cycling of the cell, an Xpdtern was collected in the pristine
state. The result is shown kigure62. By comparing the observed reflection positions of the
LNCO electrode withihe standard capillary measurement of the pIN€Q powder, a good
agreemenbetween both diffraction patterns can be recogni2edfor the other LMQ, 4l
additional reflections in the upper pattern can be assigned to the aluminium current collector
or to thealuminium containing pouch foil. Indeed, the same decrease in interssitybserved

due to the pouch celNevertheless, the main reflections for the investigation of the LNCO

structure, e.g. 003 and 101, canckearlydistinguished

A first qualitative analysis of the XRD patterns of the pouch (cgttled with C/20) showsa
shift of the 003 and 101 reflectigrwhile all Al-reflection do not change position A splitting
of reflection 003 intdwo reflections, observed at 4.%7vs Li*/Li, indicatesstructural clanges
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at high states of chargadditional upcoming refleains with a small intensity can be observed

also at 19.84 and the reflections at 22and 26° disappear

All patterns were analysed using Rietveld refinement. For the cell charged up 16, 4h@3
Rietveld refinements were calculated using the FullBofivare package®:%® Al (F m-3m),

LNCO (R-3m), and Li (Im-3m) were refined according to their space gsodpne refined
parametersverethe scale factor, the specimen displacement or zero shift, the background, the
lattice parameters, the profile parameters W and X and the asyntfhétistrumental
reflection broadening was refined with silicon standard and the reflection profile parameters
were included in the refinement. The atomic coordinates, obtaioed dr crystallographic
information file (cif), were kept constarih order to have better resolution and due to the
high intensity of the Afeflections, this phase was refined first. Afteatiithe Alreflections

were excludedor the subsequent LNC@finement.

LiNi0.5C00.502
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Figure62: XRD pattern of theristineLNCO electrode assembled in the pouch cell v Licell before

charging. Rietveld refinement for the three components. Due to high intensity Al was omit.

The refinement of prighie LNCO is shown irFigure62. Figure 63 shows the variation cd
andc lattice-parameters and thea ratio during the electrochemical delithiation. The lithium

content in the structure can be extrdcis described in chapi5.1

The data revealthat the initial R3m structure of LixCoosNiosO2 is maintained up to
Lio.22Ca0.5Nio.s02, which is related to aapacity of213mAh/g and 4.5 vs Li*/Li. For this
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structure x is equal td.78, while c and a parameters correspond to 14.112%1)nd
2.8475) A, respectively.

However,the maximumc value and the minimuna value arereachedat 4.06V, being

14.68€4) A and 2.8392A, respectively, with x equal to 0.52. The cdpaassigned at this

point is 141ImANh/g. In the pristine statethe c lattice parameter was B068) A anda was
2877(Mi . The overall variati onO04Afandiqgh-e0.04Aat ti ce
Until x reaches 0.84, at 4.68it is possible tesee the decrease in the ¢ parameter using the
hexagonal phase during the refinement. Even up to V.@B x=0.91 the position was
maintained, however it was not possible to discriminate the real reflections clEagly.

hexagonahexagonal transformaticat 4.5V is reliableFigure60
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Figure63 Variation of lattice parametegs c and ratioc/a, subsequent of the Rietveld refinement of the

LiNio sCan 502, in the hexagonal space group3R) during delithiation.

Additionally, in-situ XRD patterns were remted with C/10shown inFigure64. The evolution
of the reflections is similar to that observed for the @/g€ling. Therefore, an additional

refinement was not necessary.
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Figure64: Rawdata of theri-situ XRD measurement of poudlell LNCO vs Li*/Li charged at C/10 up to
5.0V.
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6.3.2 In-situ OEMS
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Figure65 OEMS measuremerdf LNCO vs Li*/Li, charged at C/10 up to 4\8 Upper pael shows the voltage

curve of the cell, in the middle the gases evolved with the gas evolution rate in the below one.

For the gas analysis of the first charge OEMS-cell was built aglescribed in chapt 3.8.2
The LNCO prepared as described in chapt88.2 was usedresulting in a loading of
2.83mg/cm2.

Figure 65 showsthe OEMS data obtaied while charging LNO at C/10 up to 4.¥. In the
upper part othe graph the potential of the cell is shown, while in the middle of the graph the
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concentration 0€0,, CO and H are shown, which are the main interest. In the last panel, the

calculated gas evolution rate for this gasses is shown.

The CQ evolution stats at 4.2V followedby a continuous increasip to 4.8V andcontinuing
alsoduring the CV stepAt the same potential, however, seems that the CO starts the evolution

at 4.2V. The problem is that with the same m/z is theahd was detected an air unsion.

The H2 evolution staw slightly before4.8V, this can be correlated with the decompositbn
the organic electrolyte, same expected for the CO, as showhadng et al® and with the

structural changas shown in the #situ XRD (chapte6.3.1).
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7 Resultsand Discussion

7.1 Synthesis andlectrochemistrpf LMO,

LiCoOy, LINiIO2 and LiNio.sCx.502 were synthesized and characted as described in the
following section. All 3 precursors were prepared successful via water assaitgdl
synthesiswith citric acid as complexing agent. The morpholagen bythe SEM picture
(chapte.3 5.1and6.1) result in a polymer frame antbin the SEM picturesf the product,

it is possible to distinguisfust the distribution of the particleSor LNO te heat treatment

was changedue to the instabily of the Nf*in air atmosphere to oxygeimosphereln the

case of LNO and LNCO this ensured phase purity. Howeveepasted by Julien et &t.for

the LNCQ it should be possible to obtain microcrystalline powder and phase pure material
also in air. Nevertheless, it was decided to uses#ime heat treatment as for LN@ the
synthesis of LNCO

Before performing the heat treatment, TGKS experiments werased to identify the range of
the temperature where the decomposition of the complexing agent is finistegdsults are
shown for each material in the respective chap@rs.1and6.1

After performing the heat treatmet) the obtained.CO, LNO and LNCOproducts were
microcrystalline. The BET surface area and patrticle size are reportedTialileb. The pure
LCO with 3-4 um particle size and BET 0m?%g is comparable to LNC@B{um and 0.3m%g
BET surface area). LNO has smaller particle sizgnq] and theefore a higher BET surface
area of1.5m?g. For LNCO (Ni:Co=1:1) it can be therefore daced that Co is the
dominantelement considering the morphologfythe powder.

Table5. BET surface area and particle size for LiCoO2, LiNiO2 and LiNi0.5C00.502. powders calcined in air
at 750°C, oxygen at 800C and oxygen at 800, respectively.

# LiCoO2 LiNiO 2 LiNi 0.5C00.502
BET 0.4m?/g 1.5m?g 0.3m?/g
Particle size
3-4 um ~1pum ~3um
(BET and SEM)

The XRD patterns for all the three materiate shown in each chap{@r3, 5.1and6.1). The
reflections of all materials can be indexed based on a hexagdtafeQ structure with the
space groufR-3m. Theefore LCO,LNCO and LNO are isostructural.

88



In a R3mstructure the oxygen ions aokosepacked in rbmbohedal arrangement. The
metals M (M=Co,Ni) and the Libns occupy octahedral sites in alternating layers with an
ABCABC stacking seagtgnpeéuyresimtradudecchy Dahh et @f. [ O
Assuming an ideal ordered rhombohedral structureahd C3*/Ni®**ions are located ine8

and 3, respectively. Oxygen occupies $ites. The nit cell is shown inFigurel.

The lattice parameters (hexagonal settifgghe three, pristine materials, derived by Rietveld
Refinement, are shown ifable6. In this analysis, the attention was focused on disorder due
cation mixing, which is well known from literature, especially in the case @wbhtaining
sample®?73In fact N#*(0.56A) can easily be reduced to3{0.68A) and tend to migratto
Li-positions (Lf: 0.76A). Cc® (0.545A) is more stable and has no tendency to migrate,

resultingin a wellorganized structuré

Table6: Resultfrom Rietveld Refinement for LCLNO and LNOCO.

# LiCoO2 LiNiO 2 LiNi 0.5C00.502
c 0.4A 0.25A 0.4A
a 0.006A 0.05A 0.04A
cla 4.99 4.93 4.97
cation mixing No ~3% No
l 003/l 104 1.27 1.15 1.21

In LiNiosCo502 the structural properties @o dominateasthe structure is well organized.
This was already seehefore by discussing the characterizatioh the powders This
observation is also confirmed by tbiaratio (Table6) and bythe splitting of thé06/012 and
108/110 rdfections as shown iRigure60. A clear split in the LCO and LNCO is observed
while the reflections are overlapping in the case oOLINoreover, the indication of disorder
in LNO is oonfirmed with theRietveld Refinementhat fits better after considering the cation
mixing between Liand Nf*. In fact, about 36 of Ni?* occupiesctahedral sitei the Li layer
(3a) and the stoichiometry is better indicated with(3&)-,Ni(3a}Ni(3b)1--Li(3b)-Oz,
0.000z 00.02.

As it is well known, the distinction in size, morphology and surface area would lead to

differences in their electrochemical performance and all are clodetl linith the synthesis
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routes®3%In order to analyse the electrochemical performance and to correlate the difference
only with the change of the cation, lesggmeters were modified during the synthesis, as pH

for the better dissolution of the educts and the atmospiiegdcination
7.2 Electrochemistry of LMQ@

The electrochemical properties of cathodes based on LCO, LNO and lNwsh, are cycled
in half cellsagainst Li anodes are shownHFigure66 andTable7, respectively

160

Spec. capacity [mAh/g]

| ——LNCO,92:4:4,42 V
40] ——LNO,92:4:4,42V
———1LCO, 92:4:4,42V
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Figure66: C-rate test, with C/10, C/5, C/2, C, 2C and lifetime at @2o 100 cycle$or LiCoO2, LiNiO2 and
LiNi0.5C00.502 electrodes vs+/Li. Applied 4.2V as cubff. The specific capacity was 150Ah/g for LCO,
160mAh/g for LNO and 155nAh for LNCO.

The LCO, which is claimed to show a better cycling stability than the others is the worst one
in terms of capacity retention. Thus it is important to understand which factor influenced this,
consideringthat it is cycled up to 4.¥, which is a high cubff limit. However, the self
synthesized LC@s in terms of cycling not@mparable to the commercial Qe®en if the only

obviousdifferencewhich was seelis paricle size and distribution.

Furthermorethe dataof cycling are inaccordance to the literatut&3® Two different coatings
were tested, where the ink was prepared withtdllor the thinky mixer, to make aine ink

with good particle sizalistribution and homogeneous distributed material in the electrode.
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Moreover, two diferent compositions of the inl2:4:4 and 80 10: 10 were tested, but

with no significam influence to the performancas shown ifrigure28.

In Table7 all the data are reported only for the ink with:32 4 which was used in the in situ
XRD characterization. The imp@ance of the first cycle is takento consideration and the
capacity loss after 100 cysleat 2C which were performed after the rate capability tést.
capacity loss irthe first cycle is expectedue to SEI formationhut not in this quantity. For

the LCO,adifference of 1006 between the first charge and dischargpacitycan be noticed
with a subsegent los of 37% after 100 cycles. LNGhows 25% difference for the first
charge/discharge cycle and %/ capacity loss after 100 cycles, as expected. Finally, for the
LNCO the difference is about 24 for the first charge/discharge, but showing a goatiroy
stability, loosingafter 100 cycles only 1% capacity.

Table7: Charge and discharge capacity of the first cycle of LCO, LNO and LNCO (electrodes Witth\BD

and discharge capacity after 100 cycles.

# LiCoO2 LiNiO 2 LiNi 0.5C00.502

1stCharge capacity | 141mAh/g | 191mAh/g 190mAh/g

18t Discharge capacity | 127mAh/g | 144mAh/g 150mAh/g

Capacity (100 cycles | 80mAh/g | 76 mAh/g 134mAhl/g

Another difference can be identified in the specific capacity, as all the compounds éave th
same theoretical capacity of 2i#dAh/g. It is known from the literature that the wetlganized
structure is more suitable for the reversible insertion of thenlthe structure and leads to a
better cycle stability. However, the structure was idesdifto be the right one for all 3
synthesized samples, the morphology and the difference in the particle seem to be the only
difference. It is believed that smaller particles are better, however this is not the case for this
study. From different synthesisported in the literature it was reported that the capacity fade

is increasing with increasing particle sf2€n the other hand, the commercial L&AT| has

bigger particlebut shows better capacity retention while the-sgifthesized LCO with smaller
particle size shows a less stable cycle life. It is repohatdthe maximum discharge capacity

is independent of the particle size, what seems not ito &ordance with this stud§.

Additionally, the LNCO sample is compatalin terms of morphology and structure to the

LCO, but has in contrast a good retention of the capacity after cycling and in general a higher
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specific capacity. The higher specific capacity is attributed to tHé Bitkelin the sample
and the cycling stbility to the structure, which is found to be stable up to high potential and
allows by thisa higherdegree oflelithiation. In fact, it is interesting to notieatin terms of
capacity loss in the first cycle the LNCO is similar to LNO. The highestcdgdass occurs

at thefirst cycle after this itis stabilized and cycles well.

On the other hand, a nearly stoichiometric LNO is losing abot 26the capacity in the first
cycle and during the rate capabiligst the decrease of the capacity istcming. This is in
accordance with the literature which reports the capacity fade due to the cation mixing
occurringin the structure. The disorder in the structhes a negative effect to the capacity

fade but allows a higher capacity.

In fact, Ni is ©rrelated with cation mixingout contributes to more capacity. Moreover, the
higher the concentratioaf Ni, the higher the specific capacity since the structure is more
flexible and allows in the beginning to extract more lithium. On the other hananatésial

suffers from such drawbacks as shortage of cycling performance and poor rate capabilities.
This might be possible to be attributed also to the migration of Ni from layers to the interlayer

space, thereby inducirdgterioration of the particles.
7.3 In-situ XRD

The structural properties of LCO and LNO have received high attention from a lot of research
groups and for all aspects. The general structure is shashaoterl and is built out of oxygen
octahedrons with alteating transition metabnd Lilayers. Thereby the metals are octahedral
coordinated by the oxygen atoms. In this arrangemehtalibe removed from the layets

a certain degree assuredthg right cutoff potential for a significant lifetime.

At lithium contentdower than x= 0.5 in LikCoO; the material runs through irreversible phase
transformations. The most accepted one is report&hhy et al who proposed a hexagonal
hexagonal transformation at 42 (x=0.5) followed by 2 hexagonahonoclinic
transformations forming CoQ? The second monoclinic phase at low Li contents was not
observed byicBreen et al.who assigned thishase to a hexagonal structd®é€ In this work

the accordance is more likely for the hexagdretagonal transformatioill the recorded
pattern beforghe sampleyetting amorphous can be refinedly with a R3m graip in an
hexagonal form just with @ariation in lattice parameter as shoimrchapter4.5.1in Figure

35.
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Thereby the 003 reflection is changiting position up to 4.2/, this can be saein Figure32
C by the reflection before 4V and after when isupposed to be completedynorphousat
4.6V.

For LCO hn contrast to Aatucci et al® who affirmthat a complete delithi@n should leave

CoQ; this was not seef his was neither for LNCO nor for LCO observed in the prestenty
Insteadof this, the patterns showed a significant decrease in intensity which means that the
materialsbecomeamorphousKigure 32 and Figure 60). LCO starts to show the amorphous
part at 4.6V, the structure oENCO starts to be copietely deformed from 4.8 on.

Similar resultsas for LCOwere reported for LNO, dpitethat LNO shows a coexistence of
hexagonal and monoclinic phases at x lower than 0.6 and higher tirivdfeover, itwas
stated by Anatucci et at®>3that for completely delithiateldCO and INO, the Co@and NiG

are able to reinsert up to-83 % of Li. In fact, the changes in the lattice parameters (volume
changes) should be reversible. By usingiim synchrotron powder diffraction McBreen et
al>* discussed,fithe monoclinic phase in LN®xists while Ceder et al. facilitated the same

discussion about LNCO by perfoing theoretical calculatiort$

According to literature theransitions are hexagonahexagonal phase transformations.
Additionally, thesplitting of the reflections can be unambiguous assigned to a monoclinic
phase’®

In the present work Rietveld refinemenasvperformed for the hexagonal phase MOLand
LNCO, which were cycled up #.8 respectivel$.0 V, while every 45 min XRD patterns were
taken,shown inFigure48 andFigure60. The first phase transformation was observed av4.2
and 4.5V with a maximum variation ie parameter at 4.¥, as shown ifFigure51 andFigure
63.

However, the monoclinic phase was also fgtihe additional reflections in the pattebut
based on the quality of the Rietveld refinement the hexagmnagonal ransformation is

more reliable

The LNCO shows the same trend as LCO considering the phase transformations. However, the
potential whdow of this phase transitions is shiftedhighervoltagesup to 4.6V. This is
possible due to the presence of Which isresulting in less changes in the volume andathe
parameteand by this it is much more stable than the pure LI&@ure63 shows the evolution

of the lattice parameteasnd the c/a valueyhile themaximumvolumetric changearereported

with in Table8.
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On the one hand, Co improves on layered characteristiagi > and educeghe disorder,
as wasshownby the refinement of therigtine LNCO patternn Figure57, on the other hand
Ni allows a higher varigon of the lattice parameteesspeciallythea parametenvhich reduces
the micostrain and therefore the material can be clthtgehigher voltages. With Riefid
refinement of the LNCO patterns notica mixing was observed in LNQ during the first
charge. However, it was reported in literature that disorder occurs at lithiunmisoxte0.3 in

LiNi 1:xCoxO2 duringcharge.

For LNO two hexagonahexagonal transformation at 4.25and 4.75V were deteted in
accordance with McBrean, as shown Figure 52Figure 51.>* However, at 4.2% the
refinement of a monoclinic phase in coexistence with a hexagonal phase is in good agreement

with the measured XRD patteras shown ifrigure51.

Bianchi et al. andPouillerie et alaffirm thatthe phase coexistence and the esitmmof the
change of thenit cell volume upon delithiation strongly depend on th& blintent in the Li

layer. This indeed explains the possibility of having the monoclinic pHs<e

In contrast to LCO and LNCO, LNO remains in a hexagonal structure till it is completely
delithiated to NiQ from 4.8V on, as shown inFigure51. However, the lattice parameters

differ significantly from the pristine ones as show able8.

By removing 6% of Li* from Lio.g7Ni1.02402, the volumetric change is 194. The same
removal of Li from Lio.g9aNi1.0802 shows a volumetric change of only @41 However, in this
work a variation of 1.86 was found by removing 6 of Li* and 4.7% by removing 8@% of
Li* in accordance with a stoichiometryldf-,Ni1+/02 with 0 Oz 00.2.

Table8: Variation of a and c lattice parameter and change of the volume for LCO, LNO and LNCO during

charge of the electrodes.

# LiCoO2 LiNiO 2 LiNi 0.5C00.502
qe 0.4A 0.25A 0.4A
o 0.006A 0.05A 0.04A

oV max 2.0% 4.7% 3.4%
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7.4 In situ OEMS

In situ XRD recorded with C/10 allows to correlate the phase transformation during the
complete delithiation with the OEMS measurement since imatasurementare recorded at

the same C rate. However, the XR@ttern analysed ith Rietveld refinement and thereby
showing the evolution of the lattice parameters were recorded at C/2avorga better
resolution. Nevertheless, the C/fiitterns are comparable to the Gfiitern asshown in
chapter4.5.1, 5.3.1and6.3.1

Figure 67 shows theconcentration of C&during thefirst charge up to 4.8V for LiCoOy,
LiNiO2 and LiNiosCs02. This is the gas evolved in major quantity and is plotted for
comparing the three different materials. The other evolved gases were CQO; tordai

investigated cathode materials.
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Figure67. Resultsof the OEMS measurement®r LCO, LNO and LNCO.
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Electrolyte decomposition products are the same gases which one would expect to occur if the
active material decomposé&sin fact, irreversible structural changes of LCO, which start at
4.6V vs Li*/Li (see chaptet.5.1), can be correlated to the decomposition of electrolyte with
CQO,, CO and H evolution. Moreover, the LCO shevwan amorphization a4.54.6 V, which

corresponds tthe onset o€£0O; evolution

LNO and LNCOshow the same behaviour as LCheTgas evolution can be reelated
theoreticallyto strud¢ural changes, considering the onset for LBO3V and for LNCO at
4.6V. However, the problem of the electrolyte decomposition remains stdngl at 4.3 V is

also the contribution of the 4¢03.7°

As mentioned above, all sigls can also be ascribed to electrolyte oxidation. LNO for example,
shows the first signals of G@t 4.2V, which is the same potential ofo2003, assigned by
Zhang et af*’°Li,CQOsz might be an impurity on the surface due to the storage of the material
in air, especiallyor LNO because adihigher surface areaf this sampleompared to the other
materials. In fact, th€0O, at 4.2V is observed only in the case of LNO and not detected for
LCO and LNCO. Furthermoréor LNO oxygen evolutiorwas expected, which was reported

to be expelled fronthe structure during thermal decomposition or electrochemically during
charge, while it is changing from the hexagonal phase to the spin&ldaever, no oxygen
evolution and also nspinel phase transformatiovere observed during charddoreover a
stable structure of Ni©was observetly in-situ XRDfrom 4.8V versus Li/Li. This might be
correlatel to the norevolution of oxygerbut sever changes in the lattice paramétewever,

the in situ OEMSmeasuremestshould be repeatedsone &periment is not reliableas
influences of the environment, the way of assembling the cell or additionally the way of how
the baseline correction during the OCV phase is done can influence the results sigRiicant
higher gas signals it would be alsesitable to repeat the measurements with higher electrode
loadings.Taking into consideration the amount of tip@s from the electrolyte, as blank, it

should be possible wifferentiatethe gas eviation of the cathode materials and electrolytes.
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8 Conclusonand Outlook

In this work the three different layered oxides LiCeOLiNiO2 and LiNiosCaysO2 were
synthesized. The sgelwater synthesis routavas identifiedto be the best for producing
polymer precursors for all the samples. The heat treatmenadyastedbased on theised
transition metalasNi®*is unstable in air oxygen atmosphere was usedsystematic wayor
investigaing the materials which can be applied to the layered oxides as welbasther

materiag, wasreached

The characterizain of the gel was done via SEM and TGA/M&hich allows to identify the
decomposition products of the glliring the heat treatmeand toadjust based on thihe

temperature program for the subsequent annealing procedure.

Phase pure matermivere obtaned without crystalline impurities, which was confirmed by
XRD-measurements of the powders and analysed fuslithr Rietveld refinementThe
hexagonal phas&k{3m)was synthesizefibr LCO, LNO and LNCOBY performing Rietveld
Analysis significant differeces between thgristinematerials were observed considerthg
disorderin the structuresThe LCO as expected gives a wetbanized structure. On the other
part the nearly stoichiometric LNO shows a cation mixwith Li in the order of 36. This
was expectedue to the small size of Nwhich is similar to the Liradius.Although LNCO

with a Ni: Coratio of 1: 1 contains nickel, noation mixing was identified

The ratio of Ni: Co is an interesting point for further investigations, since the cobalt is
domnant for considering thenorphology of the productand nickel showing more influence
on the electrochemical performance of thaterial, and by this the ratio of NCo should be
optimized.The presence afickel is usually correlated with a higher sifie capacity but also
resulting ina higher capacity fad&@herefore, the disorder might be worth to be investdyate
for different quantiesof Ni in basic layered oxides. Subseqiethis couldbe correlated with

the developmenof the next generationf cathode materials, nameNi-rich and Lrich

layered oxideswhich arehighly disorderedut offer a huge specific capacity-?°

The electrochersal characterization was done wittatdifferent composition of thelectrodes
(80:10:10and92: 4: 4 of AM : PvdF: SuperC65) were sted forLCO, LNO and LNCO.
The electrodes were investigated withrate and lifetimetestsin a Swvagelok Tcell.

Nevertheless, the inBomposition seesito have no influence on the cyajiperformance of

the materials.
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Due to agglomeratdéormation of theLCO powder, two different methods for the ink
preparatiorweretestal additionally Ball milling the ink allows a better particle mixing of the

ink and breaks up the agglomerates, but the improvement for the electrochemical behaviour is
not significant. De to this, further improvements tife coatingor the annealinghould be
madefor the selfsynthesized LCQo reachthe performance of the commercial LCO from

MTI.

LNO shows a significant capacity loss over 100 cycles, which is also reported in literature
Moreover, the commercial LNO from Sigr#ddrich was identified to be electrochemically

inactive and powder diffraction results revealed that mot a phase pure material.

In the end the mixed LNCO was the best sample in terms of capacity and cyabiiigys
confirming that the combination of Co and Ni leads to better performances. Additionally, it
gives an information about the role of Co and Ni inliteum layered oxidesAs shown Co
seems to dominate in terms of synthesis and Ni accommodatssubture and allows higher

capacity.

In-situ XRD combined with OEM$1easurementaere used tanonitor the electrochemical
behaviourandchanges of thetructureduringthe operation of the batterigstom the insitu
XRD can be shown athich voltagegcapacities) materials start to decomposdas8quent
Rietveld refinement analysis allowete identification ofthe lattice parameteand volume
changesThe OEMS allows to identify the gas evolution anithvean accurate analysis of the

data the contribute from the material separate from the electrolyte.

Howeverabettersignal to noise ratim the XRDpatterns, which could be reached witgher
loadingof theelectrods or a longer measuring timghout be used for being able to perform
Rietveld refinementduring the phase chang@is favours a betterevaluation of theattice
parametersariationduring charge In contrastacquisition ofXRD dataon anormalloading
of active material and using ceentionalx-ray tubedo not allowadetailed structural analysis

while multiple phasesccur.

OEMS measurements are suitable for the investigation of the gas evolution and, in combination
with the XRD, to understand if gas evolution is imgsdue to a structuralecomposition or

just due to electrolyte reactions. Ttleargeresulting from electrolyte decomposition should

be compensadd by calculation with a baseline measureméwever itwas notperformed

since the OEMS measurementsre not completely optimizeahd should be repeated.
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Additionally, to quantify the gas evolution corresponding to the cathode an acdera¢ail
andysis should be performetb the synthesized materials to proof the composition of the

lithium oxides.

This systematicallynvesigation of layered oxides withitferent transition metal rateleads

to a good understanding of te&ucture propey relationshipof these materials

The presenstudyconfirmsthat each transition metplays aspecificrole.”?1:2° Additionally,

a basicknowledge about this family of oxides mandatory in order to understand more
complex systems like lithium excess materials. Furthermore sley@eed oxides can be used
as precursors fosynthesizingmore complexmaterias like HE-NCM (Li-rich) and Ntrich
layered oxides, whictare of high interest de to their high energy density. The other
transition metaivhich would beinterestirg to be further studied #¥n, even thoughit has a
slightly different structure

Eventually, evena lot of researchasalreadybeendone orlayered oxidesnaterials questions
are still there A multidisciplinary approach would Havourableln particularthecombination
of the material scienagiscipline tosome newechnicaldevelopmeniayresult in an increase

of thebatteryperformance
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11 List of abbreviations

AV e ar e Active material
BET............. Brunauer, Emmett and Teller, method for determination of specific surface area
BEV e Battery electric vehicle
CIf e Crystallographic information file
DIMIC e ———————————— s an————————— Dimethyl carbonate
B e Ethylene carbonate
P SEPPPPPRRRN: Ethylene Glycol
EMIC ettt e—— e e e e ——— s —arrrrrranneranaas Ethyl
BV Electric vehicle
HE-NMC....ooiiiiiii High-Energy NickelCobaltManganese oxides
HEV ettt rrr e e e e e e s Hybrid electric vehicle
IR C e e e Irreversible capacity loss
I J PO U U PRSP U P TR LiCoO2

Li Lithium

T SRR Lithium ion battery
LIMPO 4. ee et e e e e eere e e e e e e e e e e e e e e e e e e e e e e eene Lithiummetalphosphate
LINC Ottt ettt e e e e e e seet et a e e e e e e e e e e e e e e e e e e namnne e e e e e e e e LiNi 0.5C0.502
0 PSSP LiNiO>
P e Rrganic electrtyte, 1M LiPFsin EC: EMC 3:7
S e et rr e e e e e e Mass spectrometer
NI O o USSP Nickel-Cadmium battery
NI-MH L Nickel metal hydrate battery
NV C e Li(Ni0.33VINo.33C00.33)O2
NIMIP e e e N-methyt2-pyrrolidone
OEMS ... e On-line Electrochemical Mass Spectroscopy
P et ———— e Propylenecarbonate
P VR ... e e e e e e e e aea Polyvinylidenedifluoride
SE L Solid electrolyte interface
SEM e Scanning Electron Microscopy
SUPET CBa..ei i Carbon black, conductive carbon
TEC...oiieeeee Chair of Technical Electrochemistry at Technical University Munich
TG A e Thermogravimetric analysis
KR ettt —————— X-ray diffraction
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12 Appendices

12.1List of samples

Table9: List of LCO samples.

Sample

NY LCoO)2 Sl
CG 11 Flux synthesis (NaCl)
CG 21 Solgel Ethylene glycol Peng et all.
CG 2.2 Solgel Ethylene glycol Peng et all.
CG_2.3 Solgel Ethylene glycol eng et all.
CG 24.1 Solgel Ethylene glycol Peng et all.
CG 242 Solgel Ethylene glycol Peng et all.
CG 3.1 Solgel Water Predoana et all.
CG 3.2 1/2 Solgel Water Predoana et all.
CG 331 Solgel Water Predoana et all.
CG 332 Solgel Water Prdoana et all.
CG 34 Solgel Water Predoana et all.
CG 35 Solgel Water Predoana et all.
CG 36.1 Solgel Water Predoana et all.
CG_3.6.2 Solgel Water Predoana et all.
CG 338 Solgel Water Predoana et all.
CG_3.9 Solgel Water Predoana et all.
CG_3.11. Solgel Water Predoana et all.
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12.2 Rietveld Refinements of samples
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Figure68: RietveldRefinement for the LiCoO2 (Bm), sample 3_2.
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Figure69 Rietveld Refinement for the LiCoO2 {&n), sample 35.
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Figure70 Rietveld Refinement for the LiCoO2 {&n), sample 3_9
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Figure71: Rietveld Refinement for the LiCoO2 {&n), sample 3_11.
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