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Abstract

Lithium ion batteries are the widely used batteygtems in the field of portable devices
like mobile phones, laptops, electric vehicles, carders and a lot of other every day
commodities. The amount of electronic portable dewviis growing and therefore also the
demand for lithium ion batteries is increasing. hdligh there exist enough lithium
sources on the earth researchers are anxious @stigate new systems to provide
batteries with larger capacities, higher energres @ower densities to be able to keep up
with the high power demand of a lot of products,ichhis dependent on both the

construction and design as well as the chemisttlyimva battery system.

Recent papers suggest a novel battery system inglauminium instead of lithium as
active element undergoing the electrochemical iee&t Benefits like a possible transfer
of three electrons per ion and the lower reactigitaluminium compared to lithium lead
to the prospect of cheaper and safer batteriesdimay a higher energy density.
In this work experiments were undertaken to ingedé two new kinds of aluminium
batteries:
= A non-aqueous aluminium battery consisted of seflen \LOs nanowires,
produced via a hydrothermal method, as workingtedde and the ionic liquid
electrolyte 1-ethyl-3-methylimidazolium chloridgE#Im]ClI) including AICl;
* An aqueous aluminium battery with a Li@orking electrode and an electrolyte
made of a solution of 1 M Algin water

Furthermore were undertakém situ Raman measurement with a special designed two
electrodesn situ Raman cell providing a good signal to noise rétidnvestigate the
intercalation of aluminium as well as lithium inedectrodes made of Graphite, BiO

Li4TisO12 and the commercial XDs powder as well as the synthesisegDynanowires.



Table of Contents

N 1 {0 o [ U [od1 o] o HA PP PPPPPPPPPP 1
2 T B0 et 3
P R = - 11 (=] 1= ST PP PPPPPPPPR 3
2.1.1  ThermodyNaAmICS........ccouuiiiiiiiiiiiiie e 6
2.1.2  KINELICS ..o 8
2.2 LiFION BAEIIES. ... meeee ettt ettt et eee et eetee bt s eee e e s bt s beeneeeeeaeaes 11
2.2. 1 HiSIOIY oo ————— 13
2.2.2 Electrode Reaction MechaniSms...........ooocoiiiiieiiiiieiieieeeeeeeeeeeee 14
2.2.3 Electrode-Electrolyte INterplay .............cceeeeeeeieeieieiiiiiiiiiieiiiiieiieeeeieenenn 18
A = [T ox (0] Y/ (= 21
2.2.5 Negative Electrode MaterialS..........cccoiiceeeeeerrriieiiiiiiiiiiieiieiieieeineneninenn 26
2.2.6 Positive Electrode MaterialsS ..............uuueueeeiiiieieniiiiiiieeeee e 43
2.2.7  CUITENt COIECIONS .......uiiiieeeiiee e e ettt 41
2.3 AluMINiuM 10N BAErY ....ccooiiiiiiiiiiiiiii e 42
2.4 Batteries Measuring Methods............ooo e, 43
2.4.1 Electrochemical Methods.............ouiiiiiieeeeeiee e 34
2.4.2  Other TECNNIQUES ......vvvviiiiiieeiiitenees s e eeeeeeeeeeseessesesessssssssnsnsssnsrnnes 46
3 EXPEIMENTAL ... e e n e 53
3.1 Battery Cell TYPES.. .o e 53
0 S R O 11 T O | PP PP PP PP PPTPTTT 53
3.1.2  SWAGElOK Cell..ccooiiiiiiiiiiiiiiei et 54
3.1.3  InsituRaman Cell ..........uiiiiiiiiiiiiii e 55

3.2 Synthesis Of YO5 NANOWIIES .......ccceviiiiiiiiieeiee et e e e e e e eeeaaenn s 57



3.3 Preparation of EIECIrOdes ..........cooviiiicommmeeeiveieiiieiiviiiviviveiiviveen e eeeeees 59

3.3.1 Electrodes for Coin Cells and Swagelok Cells..............cccccevvviiiiiinnnnnnn. 59
3.3.2 Electrodes fom situRaman Cell ... 60
3.4  Preparation Of EIECIIOIYES .........uvviiiiiiiiiiiiiiiiiiiiieiiviieiieiieiiiiieennreeeneneees 61
3.4.1 EC/DMC With LIClOs...ucciiiuiiiieeiiiiiiie ettt 61
3.4.2 EC/DMC With LiPRg....ciiiiiiiiiiiiiiie et reee et 61
3.4.3  ([EMIM]CI) With AICI 3...ceeiiiiiiiiiie e 61
344 AQUEOUS AlCH ... 61
3.5  EqUIPMENE PrOPEITIES ...coiiiiiiiiiiii it e 62
3.5.1 Raman INStruMENTAtION ........uuueieeieieett e e e e e e e e e e e e e e e ae e e e e eaaaeaeaaaens 62
3.5.2 Potentiostat INSruMENtatioN ...............commmmeeeeeereriiniiiiieieeee e 26
3.5.3 Solid State NMR Spectroscopy Instrumentation.....................eeveeeenens 62
3.5.4 Glove BoxX INStrumentation ..............ouiiiceememeieeiieiiiiiiiieieeiieieeieeeeeneeenenenes 63
ReSUItS and DISCUSSION .......uuuuiiieeee e 64
4.1 V,0s Nanowire Synthesis and Characterisation ........ee.....eeeeeeeieieeiieinnnnnnnns 64
4.2 AlUuMINIUM [ON BAIEIY ...vvvviiiiiiiiiiiiieies e eeeeeeveeseeeaeseesaesssssssesessnenssennenes 68
4.2.1  lonic Liquid EIECIIOIVLE .....ccoeeeeeeieeeeeeeeeeee e 68
4.2.2 Aqueous AICL EIECHrOlyte........coovviiiiiiieeeeeeeeeee e 81
4.3 Lithium 10N BAEIY ......uuuiuiiieuiinuennens e ceeseeeassessnessssssnssssensssssnsssnssnnnnnnseees 84
4.3.1 Electrochemical CharacteriSation ...........ceeeeceoooiiiiiiiiiiieee e 84
4.3.2 Raman MeaSUIrEMENTS .........ccooiiiiiieie s et 99
CONCIUSIONS ... e 144
FUINEE WOTK ...t e e 145

R ETIEIEINCES ..o ettt ettt e e et et e e e e e e e e e e aaemeae e e enannaes 146



1 Introduction

Today a world without batteries is unimaginableeytact as energy stores that power
millions of cell phones, notebooks, camcorders eaheras that are in use. Intensive
research and development of battery technologyeedihg them to find further
applications within power tools, electric vehicland emergency power backup. The
amount of electricity generated worldwide has nmtbtian trebled since 1971, see Figure
1. [1, 2] As most electricity is generated frome tburning of fossil fuels this is
responsible for the environmental pollution by #mission of carbon dioxide (G
which has increased enormously over the last fevadies, see Figure 3. Increasing
concentrations of atmospheric €@ linked to rising global temperatures and whitt
the risk of extreme weather events that are causatgral catastrophes all over the
world. [3-5] Fossil fuels are non-renewable andéefae in the long-term will be in short
supply, which will cause price instability. [3] Hewer, the increasing exploitation of tar
sands to extract shale gas via induced hydrawditdring, commonly known as fracking,
is likely to lead North America to be energy selfficient within a decade, which is
likely to slow the rate of adoption of green tecloggies. [6]

As a result of these problems governments aregrionreduce their reliance on fossil
fuels and to involve more renewable energy produstisuch as wind, waves and solar
power. The consumption of electricity is not séabhd so these energy resources will
gain from the combination with energy storage tetbgies such as batteries by storage
the excess energy in off peak times and to reldaiseon peak periods to be able to
provide enough energy for the whole time. [5, 7]

Electrochemical energy can be gained on the ore thidugh energy storage devices,
like batteries and supercapacitors and on the osig® through energy conversion
devices like fuel cells. In batteries and fuel €ethe power gets produced by the
transformation of chemical energy into electrica¢rgy with the aid of a redox reaction
at the interfaces of electrodes and electrolyte reviibe ions get separated from the
electrons. Batteries are closed systems, whereerbegy storage and conversion take
place in the same compartment. The electrodesaponsible for the charge transfer and



are additionally directly part of the redox reantidhey are called “active masses”.
Compared to batteries in fuel cells the active msswhich undergo the redox reaction,
have to be delivered to the electrodes where tleeggrnconversion occurs. In fuel cells

the electrodes are just charge transfer media.eftrer fuel cells are called open systems,
where the storage of energy is in another compattnt@an the conversion.

Electrochemical capacitors operate without any xedaction. The energy is stored by
orientation of ions from the electrolyte betweer #lectrodes via a so called double
layer. Forming and releasing of this double lagads to a parallel movement of electron

in an external wire. [8]
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Figure 1: World total electricity consumption, 194612010 in Mtoe (million tonnes of oil equivaleffi2)
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Figure 3: World total C@emission, 1971 to 2010 in Mt (million tonnes) [2]

2 Theory

2.1 Batteries

A battery consists of several electrochemical ¢@llsich are connected in series and/or
in parallel to be capable of producing the requirelfage and capacity. In each cell there
are two electrodes, which are separated througlio@ic conducting electrolyte and
connected to each other via an external circu]tTf8e electrodes are called anode and
cathode according to the chemical redox reactionchvioccurs during charging and
discharging. The terms cathode and anode cannptdperly defined in a rechargeable
cell since the anode is identified as the electratiech gives electrons to the external
circuit, and the cathode is the electrode thativeseelectrons from the external circuit.
Therefore depending on whether the cell is beiraggdd or discharged the two terms are
mixed. To avoid confusion the electrodes can belsimategorised as either positive or
negative because the term refers to their resmgectelectrode potentials.
One of them has a positive electrochemical potklit&lithium cobalt oxide, manganese
dioxide or lead oxide and one has a negative eleotmical potential like lithium, zinc
or lead. At the anode proceeds the oxidative chelmeaction hence electrons run into
the external circuit. At the cathode electrons@mesumed from the external circuit by a
reductive chemical reaction. [8] The electrolytentains a dissociated salt which makes

the ion transfer from one electrode to the othesspae. [9] In practice a separator, a



porous electrically insulating material containitige electrolyte, is used to prevent a
direct contact between the two electrodes and swaa a short circuit. In a short circuit
the whole energy is released within a few secorydprbducing heat inside the battery.
This can cause disastrous consequences like theamalvay and potential explosion of
the battery. The battery has to be well-engine&edinimize the risk of these events. [1,
8, 10]

A distinction is drawn between primary and secondatteries. Primary batteries consist
of one or more electrochemical cells containingeatatn amount of electrochemical
energy, which could be used until exhaustion. Afitee the primary battery is disposed of
as it cannot be recharged. Unlike the primary bathesecondary battery also known as
accumulator can be recharged after its dischargaaie new energy, which could be
used once again. [10]

The lithium-ion battery is the most familiar exampif a secondary battery because it has
the currently highest energy storage. [9, 11]

The performance of a battery is distinguished by s$pecific power (W/kg) and the
power density (W/drf), which describes the available power output sfstem per mass
or volume. Therefore a high specific power and podensity is desirable to be able to
keep up with the high power demand of a lot of puists, which is dependent on both the
construction/design as well as the chemistry. Tgeific energy (Wh/kg) is also known
as gravimetric energy density and the energy de@dih/dnt) is also called volumetric
energy density. The theoretical specific energgakulated from the cell voltage, the
number of transferred electrons and the masselseohdtive materials in the electrode
and describes the amount of electrical energy perofivolume. Therefore the masses of
all other compounds of a battery, like current edibrs, separator and electrolyte, are
neglected. This is among other things like eledtireetic a reason why the practical
specific energy is four or five times lower thae theoretical one. [12]

The total available charge of a battery is desdritne the charge capaci€y [13], which
can be calculated by Faraday’s equation, see Exu&ti The theoretical specific charge
capacity (Ah/kg) is related to the mass of reastgit]

The lifetime of a battery is determined as theltatamber of charge/discharge cycles

before a significant decrease of the energy ancepealues occur. [1]



The charge/discharge range also knowi€Caange (C/At) determines the time range in
which the battery is fully charged or discharg€dstands for the charge capacityAh.
For example C/5 means that the battery is completiebrged or discharged within 5
hours. [15]
In Figure 4 are some battery systems compared &y #pecific energy and energy
density. As shown Li-ion batteries have the highsgscific energy and energy density
and therefore they are one of the most investigadgigry systems in recent days. [9]
The present research of rechargeable batteries foounew electrode materials which
enable batteries to:

o larger capacity, higher energy and power density

o higher reactivity, reversibility and structural Isldy during

charging/discharging cycles
o faster ionic diffusion and electronic transfer mfthdischarge/charge rate

o lower cost, higher safety and more environmentahétly [11]
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2.1.1 Thermodynamics

The whole electrochemical energy, which is storecn energy storage system, is the
Gibbs free energAG also known as free energy of reaction. [1] Faspantaneous
reaction the Gibbs free energy is always negati&zquation 1 shows the basic
thermodynamic equation for a reversible electroabahtransformation at standard state
conditions, emblematized by the degree symbol. &ritkalpy of reactionH determines
the released energlyduring a reaction. EntropyS describes the rate of organisation or
disorganisation in a material. [8]

Equation 1: Gibbs-Helmholtz equation [8] [16]
AG° =AH° —TAS°

AG°... Gibbs free energy [kd/moljH°... Enthalpy [kJ/mol], T... Temperature [KAS®... Entropy [kJ/(moK)]

To describe electrical work the Gibbs free ener@y also be written as seen in Equation
2. The number of transferred electramss related to one mole of reactanfsis the
Faraday constant arif is the voltage of the cell, which depends on fexHdic chemical
reaction that occursiF describes therefore the amount of produced etégtand relates

to the total available material for the reactid]. [

Equation 2: Gibbs free energy to describe eledtvicek [6, 8]
AG° =-n-F-E°

AG°... Gibbs free energy [kd/mol], n... number of tramefd electrons, F... Faraday constans[#ol], E°... Voltage of the cell [V]

The Van't Hoff isotherm equation depicts the freergy of a chemical reaction between
two masses, see Equation /A& is the activity product of the products aAd is the
activity product of the reactant® is the usual gas constant afidthe absolute
temperature. [8]



Equation 3: Van't Hoff Isotherm [6, 8]
le) AP

AG =AG~ +RTIn (—)
A

AG... Gibbs free energy [kJ/molAG°... Gibbs free energy at standard state [kJ/mol], as constant [kJ/(m&)], T... absolute
temperature [K], A... activity product of the productsgA. activity product of the reactants

The combination of Equation 2 and Equation 3 relai@ the Nernst equation for

electrochemical reactions, see Equation 4. [8]

Equation 4: Nernst Equation [6, 8]

e=5" +(7)m(30)
B nF " Ag

E... Voltage of the cell [V], E°... Voltage of the celf standard state [V], R... gas constant [J/(i]olT ... absolute temperature [K],
n... number of transferred electrons, F... Faradayteon§As/mol], Ae... activity product of the productsgA. activity product of
the reactants

The correlation between the amount of reaction getsdand the current flow is also
known as the Faraday’'s law, see Equation 5, whetdtes just to the mass balance. In
this equatiorg is the mass and MW the molecular weight of thadfermed materiall,
the current flowt is the timen is the number of transferred electrons within réction

andF is the Faraday constant. [8, 17]

Equation 5: Faraday’s law [6, 8]
_ It(MW)
9= nF

g... mass [g], I... current flow [A], t... time [s], MW.molecular weight [g/mol], n... transferred electrofs, Faraday constant
[A-s/mol]

If the Equation 1 and Equation 2 are correlated twedmodynamically reversibility is
provided Equation 6 will be generated. The thernmaahyic quantities of a material can
be calculated by the measuring of the dependenteebe the cell voltage and the
temperature. The cell will heat on charge and ooadlischarge iPE/JT is positive and if

it is negative it will be the other way round. Tiogal heat release of a battery cell system

during charge and discharge including the revesdiiérmodynamic heat release and the



irreversible joule heat is described in Equatiorg7s the heat, which is given off the
system,Eocy is the open circuit voltage of the cell aigis the practical cell terminal
voltage. [8]

Equation 6: Cell voltage as a function of tempa®{6, 8]

6F
AG = —nFE = AH —TAS = AH —nFT(§>

AG... Gibbs free energy [kJ/mol], n... number of transfé electrons, F... Faraday constansfiol], E... Voltage of the cell [V],
AH... Enthalpy [kJ/mol], T... Temperature [KAS... Entropy [kJ/moK]

Equation 7: Total heat release during charge digehprocesses [8]
q = TAS + I(EOCV - ET)

g... heat given off by the system [W], T... temperafiidk AS... Entropy [J/K], I... current flow [A], Bev... Open circuit voltage
[V], E+... practical cell terminal voltage [V]

For low temperature batteries the heat releaseotsanbig problem, but for high
temperature batteries suitable heat dissipationst rha considered to inhibit thermal
runaways or other catastrophic situations. [8]

2.1.2 Kinetics

Due to kinetic limitations the voltage decreasesmduoperation, which is also known as
electrode polarisation or overvoltage. In gendnalKinetics of electrochemical reactions
and of bulk chemical reactions are quite similare Two important differences are that
the potential drop influences the electrochemiaalde layer at the electrode surface,
which directly affects the activated redox couptel dhat the reaction is not a three
dimensional reaction, but a two dimensional oneer@hare three different kinds of

polarization effects: the activation polarizatiothe ohmic polarisation and the

concentration polarisation. The activation polditsais caused by the electrochemical
redox reaction at the interfaces between electr@aes electrolyte. Contact problems
between different cell elements and the resistawihin each cell element are

responsible for the ohmic polarisation. [8] The @amtration polarization occurs because
of mass transport limitations in the electrolytevesl as in the electrodes during an

operation. [1] The polarisationcan be described as written in Equation 8. [8]



Equation 8: Polarization [8]

n = Eocy — Er

n... polarization [V], Bcy... Open circuit voltage [V], E..terminal cell voltage during current flows [V]

The activation polarisation can be characterisethbyabsolute reaction rate theory or the
transition state theory in which the rate limitiatep is the dissociation of an activated
complex, which is part of the redox reaction at éhectrode surfaces. The rate or the
current flow of such a limited redox reaction ofbattery system is specified by the
Butler-Volmer equation, see Equation 9. In thisatmun the current densities i andare

the current flow based on the electrode surfaca. arlee exchange current densgysi a
function of the reaction rate constagtf&r the electrode reaction, the Faraday constant
and the activity product of the reactants A, seedfiqn 10. The transfer coefficiesmtcan

be delineated as the fraction of the change ofothepotential, which manipulates the
rate constant. A high exchange current densgity favored for battery systems, because

therefore the reaction is more reversible and tbecerr lower polarization effects. [8]

Equation 9: Butler-Volmer equation [6, 8]

a-o
i: I’Oe(%) —e(%)

1... polarization [V], i... current density [A/ffy io... exchange current density [Afna... transfer coefficient, F... Faraday constant
[C/mol], R... gas constant [J/(Kol)], T...temperature [K]

Equation 10: Exchange current density [6, 8]
io = koFA

io... exchange current density [Afnko... reaction rate constant, F... Faraday constant [(/#a. activity product of the reactants

The activation polarization appears within thetfimilliseconds (13-10“ s) and obeys
the Tafel equation, see Equation 11, which couldgamed for high polarisation by
transformation of the Butler Volmer equation. [8]



Equation 11: Tafel equation [8]

i
r]=a—blog<l_—)
0

n... polarization [V], a,b... constants, i... current déngA/m?, io... exchange current density [Afm

The ohmic polarisation is caused by the resistasiceeach cell element and their
interfaces. It occurs instantaneously {0° s) when the current flows and can be
described by the linear Ohm’s Law, see

Equation 12. [8]

Equation 12: Ohm’s Law [8]
n=1IR

n... polarization [V], I... current [A], R... current ressance Q]

Due to limitations in the mass transport of actimaterial to and from the electrode
surface within the electrolyte as well as the tpamsof intercalated species inside of the
electrodes the concentration polarisation causesop of the voltage. The diffusion
process is very slow and therefore it appears affew millisecondsx 102 s). In case of

limited diffusion process the concentration polatian follows Equation 13. [8]

Equation 13: Concentration polarization with linditgiffusion [8]

1= (5 n(z)

n... polarization [V], R... gas constant [J/(mg)], T... temperature [K], n.amount of substance [mol], C... concentration at the
electrode surface,C. concentration in the bulk of the solution

In Figure 5 is shown a typical discharge curve dfattery with all three effects of the
different kinds of polarization. [8]
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Figure 5: Typical discharge curve of a battery,veihg the influences of the three polarization etfet
activation polarisation, Il: ohmic polarisationl; IEoncentration polarisation [18]

2.2 Li-ion Batteries

Li-ion batteries are comparing to all other existeacondary battery systems the most
investigated. [9] They are light, compact, workwé voltage of about 4 V and have a
high energy density of about 150 Wh/kg. Becaustheif great performance lithium ion
batteries are established in many applications hkebile phones, laptops, electric
vehicles, camcorders and a lot of other everydamncodities and the amount of
electronic portable devices including lithium ioatieries is growing, see Figure 6. [3]
[19] As one can see in Figure 7 lithium ion ba#teriare by far the most produced
secondary batteries in the year 2011 in Japan twextickel metal-hydride batteries,
alkaline storage batteries and lead-acid batteries.

Furthermore lithium batteries are, because of thgh energy density and their cycle
life, promising candidates for the electric vehiotarket. Most likely they will take part
of the deliverance of the addiction to fossil fudsl] There is a big lithium carbonate
reservoir in South America, a new discovered ongfghanistan and furthermore lithium
can also be obtained from sea water, though the afothis will be prohibitive. All

together there are about several hundred thoudameégatons of lithium metal available

11



and hence there will be enough lithium in the fatewven if a total change from fuel
burning vehicles to hybrids or electric cars occ{i8]

M' lion cE.uS

, % % %

2000 Electricity grid Renewable energy

Figure 6: Left - Evolution of the lithium ion satearket with portable electric devices and full hgibr
electric vehicles (HEV) [3] Right — Applicationsrfoechargeable batteries [11]
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2.2.1 History

Lithium is the most electronegative (-3.04 V verstandard hydrogen electrode) and
also the lightest metal (molecular weight:= 6.95 ~, specific gravity: p = 0.53 -

on earth. Therefore the use of lithium metal with electrochemical cell is highly
attractive due to the potentially high electrocheahstorage [9, 13].

The first primary non rechargeable battery inclgdiithium as the negative electrode
was designed in the 1970s, which were used in @djns like watches, calculators or
implantable medical devices due to its high capaaitd variable discharge rate. After
some time inorganic materials were found, like T 1972, which could be used as
positive electrodes. These new intercalation nmelterenabled the lithium battery to
recharge, but they were soon identified to be taogerous, because of hazardous
explosions due to dendritic growth of lithium withieach cycle. [9] Furthermore
undesirable side reaction of the lithium metal witl electrolyte appeared. [13]. Later on
different oxides as electrode materials were folikelLi,MO, (M = Co, Ni, Mn) which
were more oxidising than disulphides due to thagér ionic character between the M—
O bond compared to the M-S bond. These new mateair@ even now used in modern
batteries. To be able to solve the safety problamtd explosions different modifications
of the negative electrode as well as the eleceolgre investigated. [9]

In the early 1990s the Li-ion battery or also kncagnrocking chair battery was invented.
The idea was to add a second intercalation eleztrodterial as negative electrode to
avoid the dendritic build-up of lithium and theredoto avoid the hazardous reactions.
[22] In 1991 Sony Corporation commercialised thstfrocking chair Li-ion battery with
a carbonaceous negative electrode, which faciiitat@ighly reversible and low-voltage
Li-intercalation process. [23] This rocking chaattery operates with a voltage of 3.6 V
and has a gravimetric energy density of about 12D\Wh/kg. [9] Replacing the metal
lithium electrode by an lithium insertion materiadproved the lifetime as well as the
safety of the battery, but unfortunately these mrpments accompanied with a loss of
the cell voltage, the specific charge and the capability. [13]

Another improvement of the lithium battery was iineestigation of the Li solid polymer
electrolyte (Li-SPE). [24, 25] There the liquid ei®lyte was replaced by a solid

polymer, but unfortunately these batteries wereitdéich to large systems with
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temperatures about 70 °C. [15, 26] The hybrid pelyralectrolyte battery (Li-HPE)
which used a three part electrolyte, including byper matrix swollen in a liquid solvent
and a salt, also did not get commercialized becafisesidual dendritic growing. The
first useable HPE battery was called plastic Li i@¢ALION) battery and was
commercialized in 1999. This type of battery comgaa gel-coated, micro porous poly-
olefin separator, which connects the two also gatiéd electrodes. The advantage of this
battery is that it enables a very thin and flexitdd configuration unlike the usual coin-,
cylindrical- or prismatic- type, see Figure 8. [2This could be beneficial to the

continuing trend of miniaturization of electroniewices. [9]
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Figure 8: Different cell configuration of Li-ion tiary; a) cylindrical b) coin c) prismatic d) thémd flat
(PLION) [9]

2.2.2 Electrode Reaction Mechanisms

There exist two major electrode reaction mechanisamsely the reconstitution reactions,
where different phase transformations occur andetbee the microstructure of the
material changes, and the insertion reactions, @vherchanges in the identity, the crystal
structure and the amount of phases of the micrastrel of the electrode material take
place. [28]
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2.2.2.1 Reconstitution Reactions

Two main types of reconstitution reactions are fation reactions and displacement
reactions. In a formation reaction, see Equationtdé starting component# (and B)

reacts by forming a new pha&8, obviously changes the microstructure. [28]

Equation 14: Formation Reaction [28]

A+B=AB

In a displacement reaction, see Equation 15, spécieeplaces specieB in a binary
systemBX which leads to the more stable binary systexh SpecieB forms thereby a

new phase. [28]

Equation 15: Displacement Reaction [28]

A+BX=AX+B

2.2.2.2 Insertion Reactions

Insertion reactions can be described by Equatignwifére an amount of an atomic
guest specied reacts with a host materi@dX to the chemical materigdBX via an
insertion reaction. During this reaction the cri/staucture of the host material does not
change, because the guest species inserts intopsy unoccupied interstitial sites.
Nevertheless the insertion causes changes in thenecof the host material which leads
to mechanical stress and energy, which affectsetpglibrium of amount of inserted

guest species and hence the reversibility of @bateaction. [28]

Equation 16: Insertion Reaction [28]

xA + BX = A,BX

If the guest species intercalate in between thertagf a layered crystal structure of the

host material, the reaction is also called intexttah reaction. [28]
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To get a high specific energy (W/kg) and a highrepedensity (Wh/drf) within a
battery system there must be two important thirgssiclered. First of all there must be a
high specific charge (Ah/kg) and a high charge ieiiéh/dm®) to gain a lot of available
charge carriers per mass or volume. Furthermoree¢eive a high cell voltage there
should be a high standard redox potential for thsitye electrode and a low standard
redox potential for the negative electrode coneeyrto the occurring redox reaction.
Another important thing is that there must be ahhrgversibility of the electrode
reactions to get a high number of charge/dischaygées without any specific charge
losses and therefore to reach a long lifetime efliattery. If the cycling efficiency is
99% in each cycle the remaining specific chargesitigrnvould be only about 37% after
100 cycles and only 1% after 500 cycles. This exampows that a really high cycling
efficiency is essential. Insertion materials are tiest choice for reversible electrode
reactions, although the mass and volume of the fastrial reduce the specific charge
and the disabled transport of lithium within theshinaterial limits the rate capability.
[13]

In Figure 9 are the different concepts of rechaogelithium batteries based on lithium
insertion reactions shown. Figure a) and b) cormgt of a metallic lithium as negative
electrode at which a) has got a dimensionally statdertion host material as positive
electrode whereas b) uses an electro active polyikerpolyaniline or polypyrrole.
During the charging/discharging process in suclelantro active polymer the release of
an anion X is occurring, which causes irregular salt con@ins. Therefore enough
solution must be available to ensure that all saldissolved for the whole time.
Unfortunately this reduces the specific energy bhtery and so is not desirable. Figure
c) and d) consist both a positive dimensionallypktansertion host material at which c)
contains a dimensionally unstable negative eleetide a lithium alloy and d) is made
up of another dimensionally stable host materiahegative electrode, which is also
known as rocking chair lithium ion battery. The émsional stability of the host material
during the insertion and de-insertion of lions is very important for a high number of
cycles. Large volume changes of the host mateaiat& mechanical stresses and cracks

within the electrode which lead to loss of elecicarontact, see Figure 10. [13]
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Figure 10: The effect of volume changes of ele@rpdertion materials during cycling [19]

2.2.3 Electrode-Electrolyte Interplay

The right choice of a proper electrolyte accordingthe two used electrodes is very
important. Figure 11 shows a sketch of the relatieetron energies in the electrodes and
the electrolyte in a battery system including anuemwys electrolyte under
thermodynamically stable conditiong S called the window of the electrolyte and is
constricted by the HOMO (highest occupied molecwdrital) and LUMO (lowest
unoccupied molecular orbital) of the electrolytdheTtwo electrodes are called Anode
(oxidant) and Cathode (reductant) and their eletimical potentials areapand . If
the anode has got a higher electrochemical potahaa the LUMO, it will reduce the
electrolyte until a passivation layer is formed, ietth prohibits the electron transfer
between the anode and the electrolyte. A cathotte aviower electrochemical potential
will oxidise the electrolyte until a protective gastion layer is built up. To avoid these
undesirable side reactions it is necessary to &hbws electrode materials, which have
an electrochemical potential within the window bé tpresent electrolyte, sEegure 11.
The building of a passivation layer on the eleatredrface, which is called SEI (solid
electrolyte interphase) layer, enables the battery bigger open circuit voltage &
without any degradation of the electrolyte. [7]
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Equation 17: Restriction of the open circuit volagf a thermodynamically stable battery [7]

eVoc = Ua — Uc S Eg
e... magnitude of electron chargeyV. open circuit voltage, £ . electrochemical window of electrolytes ppc ... electrochemical

potential of anode and cathode

Energy
-

Ha

Qxidant Reductant

Electrolyte

Figure 11: Sketch of an open-circuit energy diagodran aqueous electrolyt®, anddg are the work
functions of the anode and cathodgis®he window of the electrolyte with thermodynarstability. [7]

If the battery is discharging the anode releasastreins, which run via an external circuit
to the cathode. In the meantime cations were etnityethe anode into the electrolyte and
migrate to the cathode to maintain the charge akiytrin the two electrodes. If the
battery is charging the processes occur the othey wound. The release and the
transportation of the cations in and trough thetedéyte is a very slow process compared
to the electron movement in the external circuttwidver these two processes are linked
together and therefore at high current densitiesdfarge neutrality at the electrodes
cannot be reached anymore due to the slow motidheotations within the electrolyte
and the electrode/electrolyte interface. This & thason why the capacity of reversible
charge transfer per unit weigi® (Ah/g) between the two electrodes decreases with
increasing current density. The capacity multiplath the open circuit voltage describes

the energy density of a battery. [7]
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As already mentioned the open circuit voltagenstikd to the window of the electrolyte.
An aqueous electrolyte has an electrochemical windé only about 1.3 eV and
therefore it is necessary to change the agueoutsr@ige against another one like an
organic for example to be able to gain a highemogiecuit voltage and hence also a
higher energy density of the battery. Fortunateliptaof lithium salts are soluble in
organic solvents and therefore it enables the d¢iperaf the lithium ion battery. The
electrochemical potential of lithium metal is highban the most LUMOs of common
non-aqueous electrolytes. The reason why it is asg@vay as an anode is the formation
of the SEI layer at the interface between electradé electrolyte. [7] The SEI layer
consists of reduction products of the non-aquetatdrelyte, see Table 1, and allows Li
transportation, but prevents electron transfersBxplains the stability of the electrodes
like lithium or graphite in lithium salt solutioria non-aqueous polar aprotic solvents.
[21] The SEI layer formed upon metal lithium duricharge/discharge cycle is not stable
and so dendritic lithium can be plated onto thkidin metal where the SEI layer is
broken. These dendrites are potentially a safedadtadue to their risk of growing
through the electrolyte and contacting the posiglectrode causing a short circuit to
occur within the cell, which could lead to cell éogion through thermal runaway. To
design a safe battery it is necessary to use etdsrwith electrochemical potentials
within the window of the electrolyte or to use dactrolyte which forms very quickly a
stable SEI layer every time the layer is brokeh. [7
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Table 1: Reduction products of non-aqueous lithgath solutions [21]

Solution Main reduction Potential range vs.

species products (not all) Li/Li*

(0]} LiO;, Li,0O, 1.5-2V

H,0O LiOH 1.5-12V

HF, PFs LiF, Li,PF, 1.8 V and below

Ethers ROLi Below 0.5V

Esters ROCO,Li (carboxylates) Below 1.2V

Alkyl ROCO,L1, ROL1 Below 1.5V

carbonates

EC (CH,0CO;Li),, CoHy Below 1.5V

PC CH;CH(OCO,Li1) CH>OCO,Li Below 0.3V
CH;CH = CH,

DMC CH;0CO,L1,CH;0Li Below .2V

LiClO, LiCLLiClO, Below [ V

LiPF¢ LiF, Li,PF, Belowl V

LiN LiF, LiCF5, LiSO,CF; LiNSO,CF;5 Below 1 'V

(SO,CF3)

2.2.4 Electrolytes

In this work, the term electrolyte refers to théusion of both the solvent and the salt.
This is contrary to the nomenclature in physicamistry, which defines the electrolyte
as only the salt alone.

The electrolyte should have a large electrochemigatlow to allow an open circuit
voltage bigger than 4 V. It should also have a Hihion conductivity 6.; > 10° S/cm)
and a low electronic conductivitgd < 10'° S/cm) over a temperature range of -40 < T <
60 °C, a high transference numhg|/ oy Of @about 1, wher, includes every ion
conductivity, a chemical stability over all usednfeeratures and a chemical stability
related to the two electrodes including a quickeregating SEI layer as already
described in 2.2.3. Additionally it is also necegsthat the utilised materials are safe,
desirably non —flammable and non-explosive in @secof short-circuit, cheap, non-toxic
and hopefully environmental friendly to be ableetammmercialise the battery. [7]

The characteristics which a suitable lithium-iontéy electrolyte must fulfill are listed
below [29, 30]:

« |t should be able to dissolve salts to sufficieahaentration. In other words it

should have a high dielectric constast (

« A good ionic conductivity (> 1 mS ¢hin order to minimise internal resistance
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» It should be fluid (low viscosityy), so that facile transport can occur

« Stable in a wide electrochemical potential windoant 0 to 5 V vs. Li/LT
« Good thermal (up to 9C) and chemical stability

e Compatibility with other cell components

* Low cost, low toxicity and low flammability

Six classes of electrolytes are used or under dpuent within lithium-ion batteries:

2.2.4.1 Organic Liquid Electrolytes

About twenty years ago alkyl carbonates, like ethgl carbonate [14], dimethyl
carbonate (DMC), ethyl methyl carbonate (EMC) arethyl carbonate (DEC), and the
lithium salt lithium hexafluorophosphate (Liffwvas found to be the optimum choice as
an electrolyte in lithium ion batteries. Reasonstf@ good behaviour of EC-DMC/LIRF
as an electrolyte solution are the high ionic canigity down to -15°C thanks to their
relatively low viscosity compared to other elecgtes, the anodic stability of both
solvents due to the carbonate group and a low nuonfb@-H bonds, the good solubility
of LiPFs which causes a high conductivity. Furthermore e¢hseslutions form good
passivation layers on Aluminium, which is used asrent collector of cathodes in
lithium ion batteries, as well as on Graphite dodhe ethylene carbonate. [7, 21] The
protective SEI layer on graphite consists of adghdamensional network of ROGGand
ROLI™ species linked together withLions and therefore it is highly conductive td Li
ions. The disadvantages of the EC-DMC/LdF¥®lution as an electrolyte are the low
ionic conductivity below -15°C, the high viscosity the solutions which cause a bad
wetting of the electrodes and the fact that LkillEcomposes in LiF and P&t higher
temperatures. RRs a strong Lewis acid and reacts with traces atewto HF and PP.

HF again reacts destructive with the cathode nadtad well as with the SEI layer of the
anodes. [21]

In Figure 12 are the chemical structures of thglatlarbonates and the electrochemical

windows of solutions with tetraalkyl ammonium andhium salts shown. The
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electrochemical windows are measured by a potdati@gth the aid of inert electrodes

such as platinum or glassy carbon. If tetra allaltssare used in each solution the
intrinsic electrochemical window without any pasdgign phenomena can be measured.
By using a lithium salt instead of tetra alkyl stie electrochemical behaviour of the

electrolyte changes dramatically. [21]
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Figure 12: Different alkyl carbonates as selectibelectrolyte solutions for lithium ion batteriap
chemical structure b) electrochemical windows wettnaalkyl ammonium (TAA) salt solutions c)
electrochemical windows with lithium salt solutipmseasured with inert electrodes like Pt or glassy
carbon [21]

Another possible lithium salt, which could be uselLi" transport species in organic
solvents, is LIiCIQ. In Figure 13 are shown FTIR (Fourier-Transforrfrdned-
Spectroscopy) spectra, measured with a low polmeekel mirror electrode, of the salts
a) LIClO, and b) LiPEk in a mixture of EC-DMC (1:1). In the solution of@lO,4 are no
acid species compared to LPBnd so there is formed a surface layer of thelalky
carbonates moieties ROG® and ROLIi. The spectrum of LiRFonsists of the alkoxy
species ROLi and llPF, species. The existing HF in the solution react$ WAOLi and
ROCQOLI to solid LiF and ROH or ROCg. This is the reason why the spectrum,
compared to the one with LiClQconsists of less peaks. In such a solution thi bu

surface layer is also made up of ({CHLi), species, which act too protectively. [21]
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Figure 13: FTIR spectra measured with low polariziettel electrodes a) 1 M LiCl0n EC-DMC (1:1) b)
1 M LiPFs in EC-DMC (1:1) [21]

2.2.4.2 lonic Liquids

lonic liquids are salts with a very low melting ppdue to the weak interaction between a
large organic cation for example imidazolium or rpyidinium and a high charged
delocalized anion like N,N-iso(trifluoromethanefsaimide (TFSI). They are liquid at
room temperature, environmentally friendly, stather a wide temperature range up to
300-400 °C and have high lithium salt solubilityhigh oxidation potential of about 5.3
V vs. Li*/Li° a low toxicity and a low vapour pressure. In #ddithey have a lower
flammability when compared to organic solvents. Tisadvantages of ionic liquids are
their low stability at low reducing voltages liké the lithium metal or graphite anode
surfaces and their relatively high viscosity, whichuses a lower Liconductivity. To
gain a better Li conductivity a mixture with liquid carbonate cae bsed, which of
course increase the flammability of the solutiomtkermore the interfaces between ionic
liquids and the solid electrode surfaces are not well investigated so far, but to be able
to use ionic liquids in a battery system it is vanportant to know all possible reactions
at the electrode/electrolyte interfaces. Anothesadvantage of ionic liquids is their
present high cost. [3, 7, 19, 31]
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2.2.4.3 Inorganic Liquid Electrolytes

A solution of LIAICI; and SQ, which is not flammable, has a good konductivity at
room temperature about 70 mS/cm and a good eléanoical stability, but
unfortunately the electrolyte suffers from poor loyg efficiencies and a high lithium

corrosion. [32-34]

2.2.4.4 Solid Polymer Electrolytes

To get rid of the hazardous electrolyte behavidug flammability and to get electrolytes
with a wider electrochemical window up to 5.5 V, lie able to use highly oxidising
positive electrode materials (> 4 V vs. Li/),i people investigated solid electrolytes like
polyethylene oxides (PEOSs) containing lithium s#ike LiXFg (X = P, As, Sb). [9] An
advantage of solid electrolytes is that they camded simultaneously as a separator for
the two electrodes and that they allow higher desigxibility. PEOs are cheap, non-
toxic and have a good chemical stability, but unfeately they have a very low 'Li
conductivity 6 < 10°> S/cm) at room temperature due to their restrictesin rotations
below the glass transition. A modification with gligisers, ionic liquids and liquid
crystals with a 3D nanometre sized pore structoeegaing to be better investigated to
boost the lithium ion conductivity. [9, 11]

Another polymer electrolyte is made of polyvinyldefluoride (PVdF), which has an
lonic conductivity of about 0.1 S/m at room tempera, high electrochemical stability,
good processability and good mechanical propert®lso composite membranes
including nanofibres of organomodified clay weredmaip of PVdF, which have a high

tensile strength and a great lithium ion conduttiever a big temperature range. [11]
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2.2.4.5 Inorganic Solid Electrolytes

Inorganic solid electrolytes with a “Liconductivity ofo;; > 10* S/cm and a wide
electrochemical window have been investigated,dugt to their worse retention of the
electrode/electrolyte interface during volume ctemngf the electrode materials they have

only been used in thin film battery systems. [7]

2.2.4.6 Hybrid Electrolytes

A new area of investigation are hybrid electrolytehich consist of two different kinds
of electrolytes to gain each advantages and hdpeatusuppress their disadvantages. For
example a polymer gel electrolyte and ionic ligpadymer gel electrolyte are made up of
an organic liquid or an ionic liquid within a polgm electrolyte. Also mixtures of
polymer electrolytes with inorganic solid electriglyare under investigation. [7, 11]

2.2.5 Negative Electrode Materials

Lithium is the most electro negative (-3.04 V vtanslard hydrogen electrode) and
additionally lightest metal (equivalent weight M88. g/mol, specific gravityp=0.53
g/cm®), which enables high energy storage systems. i@ttunately it suffers from low
cycling efficiency (< 99 %) leading to a large essef lithium metal which has to be
added and therefore the practical specific capasfitithium metal is much lower than
predicted. Nevertheless the potentials of thedithiinsertion materials are higher (vs.
Li/Li ) than the one of lithium metal and so the reaahabll voltage is lower compared
to a cell containing lithium metal as negative &fate. In spite of everything lithium
metal is presently considered to be too dangermusdage in secondary batteries, due to
dendrite formation leading to hazardous short dreeactions. [13] Though major
research efforts are working to create a stablesafelLi metal anode [35-38].

The common electrode reactions in secondary bastgsiems can be divided into three

different working mechanisms: insertion, conversamal alloying, see Figure 14. [10, 21]
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Figure 14: Working mechanisms of secondary bagtsgtrodes: Insertion, alloying and conversion cBla
voids in the crystal structure; yellow: lithiumug: metal [10]

2.2.5.1 Insertion reactions

Graphitic carbon and kTisO;, are the two most important intercalation materials

secondary lithium ion battery cells. [13]

= Carbon

Graphitic carbon is the most utilized negative wtate material in common secondary
lithium batteries, caused to its higher specifiarge, lower negative electrode potential
compared to other common materials and its grea¢sional stability during cycling.

The intercalation reaction of lithium into carbanshown in Equation 18. It is a highly
reversible reaction where lithium ions from thectlelyte penetrate into the carbon due

to its electrochemical charge. [13]
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Equation 18: Lithium intercalation into carbon gcendary lithium ion battery cell [13]

Li,Cp = xLi* + xe™ + C,

The electrochemical behaviour of carbon dependisoerystallinity, microstructure and
micromorphology determined by the different numbers available free lithium
intercalation spots. Therefore a lot of differeatlion materials were investigated, which
could be classified into two main groups: the grapland the non-graphitic carbons. The
graphitic carbons have got a layered structureudhing structural defects, caused by its
low transformation energy from the hexagonal im® thombohedral graphite, and hence
also a lot of materials consisting only aggregatéggraphite crystallites are called
graphites. The non-graphitic carbons have a plaeaagonal network without any far
reaching crystallographic order in the c-directittrconsists of cross linked graphitic like
carbon phases embedded in an amorphous carbonahddere to different ratios of the
mechanically softer graphitic carbon and the meidadly harder amorphous carbon non
graphitic carbons are divided into soft and hamtbaas. [13]

Lithium inserts at ambient conditions into highlyystalline graphitic carbons to a
maximum stoichiometry of one lithium atom per satlwon atoms (X 1 in LixCg) with a
specific capacity of 372 mAh/g. [23] Compared te basal planes the intercalation at the
prismatic surfaces is possible without any struatutefects. During the intercalation
process the distance between the graphene layergases moderately and the
configuration shifts from an ABA structure to an Afdne, whereat lithium intercalates

among two graphene layers avoiding the neareshbeigs, see Figure 15. [13]
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Figure 15: Sketch of lithium intercalation proce3&mong graphene layers b) distribution withiaaar
layer [13]

At low lithium guest atom concentrations within tlgeaphite the intercalation is
accompanied by a stepwise formation of periodieyarof unoccupied layer gaps. This
process is also known as stage formation charaetkioy the stage index s, which is
equal to the number of graphene layers betweerditinmom guest layers. The reason for
its appearance and therefore the energeticallyuf@ebdistribution of lithium ions are on
the one side the necessary energy to widen thdéegayeen two graphene layers and on
the other side the energy of the repulsive inteadietween all lithium atoms. In Figure
16 left is shown a sketch of a galvanostatic radacprocess of graphite at which the
plateaus characterise the two phase regions. Fifuregght shows a voltammetric curve
of the intercalation process of lithium in carbohaseat this time the peaks indicate the
two phase regions. Step Il is divided into Il ahd,Ibecause of different lithium packing
densities. The experimental galvanostatic measureroé the staging phenomenon
presents no sharp discontinuities, caused by v@mgtof the packing density of G
and the occurrence of overpotentials, which resuitsplateau sloping and peak
broadening depending on the used method. [13]
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Figure 16: Stage formation during lithium interdeda process into graphite, left: schematic gal\watc
curve, right: schematic voltammetric curve [13]

The reversibility of the intercalation processidfibm into carbon is close to 100 %, but
due to the formation of a SEI layer and corrosi&a-teactions during the first cycle an
irreversible charge loss occurs and hence the ehaapvery after the first cycle is just
80-95 %. This irreversible charge loss is a functbthe crystallinity and morphology of
the carbonaceous material and the compositioneoélictrolyte. [13]

During the formation of the SEI layer on graphitere occurs also an intercalation of
solvated lithium ions, which greatly expand the pip@ene layers which can lead to
deterioration and exfoliation of the graphite, degure 17. The solvated graphite
intercalation compounds are not thermodynamicathble and as a result of their
reduction with co-intercalated solvent molecules ¢hectrode gets self-discharged. This
is of course a big problem. Fortunately the numbfemtercalated solvent molecules
decreases because of the formation of the protee@Hkl layer, but additionally to the
growth of the SEI layer also the internal resistanmcreases and therefore the power

density of a cell gradually decreases with eacHecyEthylene carbonate used as an
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electrolyte forms very quick a great protectivenfibn graphite, which hamper solvent
co-intercalation. Due to its high viscosity mixtsrevith ethers or carbonates like 1,2-
dimethyloxyethane (DME) and dimethyl carbonate (DM@ere used. Inorganic

additives, like CQ N,O, SQ and §* improves the formation of thinner and more

compact SEI layers which too prevents the solverhtercalation. [39]
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Figure 17: Solvent co-intercalation in graphite:le) before the reaction b) formation of solvaitdum-
graphite intercalation compounds;(siolv),Cs c) SEI film formation due to decomposition of(solv),Cs
right: expansion [39]

Non graphitic carbons can be classified into higid dow specific charge carbons,
depending whether their lithium storage ability gamed to graphitic carbons is higher or
lower. On the one hand the existing crosslinkshef graphitic layers in non-graphitic
carbons avoid the intercalation of solvent moleguleit on the other hand it also hinders
the shift to an AAA structure, which is required @ good lithium intercalation. High
specific charge carbons can insert lithium iongaip stoichiometry of siCs (LixCe With

x = 1.2 — 5). Therefore these materials have aenigipecific charge than graphitic
carbons, even though their charge density shoulduie the same. Different models

were made up to explain the reason for their higiiuin storage capability, but they all
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differ from the others. Apart from that these mialsrunfortunately have got problems
with extremely high irreversible specific chargaspoor cycle ability and a potential at
the end of charge near to 0 V (vs. LiLiwhich causes undesirable lithium deposition at
high charge rates. [13]

- Li4Ti5012

Lithium titanate LiTisO:»with the redox couple ¥i/Ti** benefits from rapid charge and
discharge properties, due to a high diffusion cdtéthium within this material. It inserts
lithium ions up to a stoichiometry of d4TisO;2 around 150-160 mAh/g and a voltage of
about 1.55 V (vs. Li/L). [21] The benefits of this material, comparedytaphite are its
superior reversibility, its structural stabilitydsise of the minute volume changes during
insertion/deinsertion and a very flat plateau abuabl.55 V. [40, 41] The excellent
stability is the reason why this material fortumatéoes not need any passivation film.
Due to its high redox voltage, there occur no redm@ctions with the electrolyte if cycled
above 1 V. This again causes great cycle abiy, f2]

A big drawback of LiTisO; is its insulating character with a band gap enefg®-3 eV,
which limits its use in high currents applicatiof43, 44] Therefore a lot of effort is
made to improve its conductivity for example byestigating new synthesis methods
[45-48], doping [49-54] or including a second phedth high conductivity [55, 56].

2.2.5.2 Conversion reactions

Nanoparticles of transition metal oxides like Cay0,4, CuO, FgO; and FgO, and
also transition metal phosphides and fluorides tragth lithium ions as shown in
Equation 19. They have a high reversibility andapacity up to three times higher than
graphite, but suffer from bad performance at elydaemperatures about 60°C and an
extreme hysteresis curve during charge/discharggingy showing the high energy
barriers of these reactions. [11, 21]

Equation 19: Conversion reactions in secondarijulithion battery cell [21]

MO(nano) + 2Li* + 2e~ = M(nano) + Li,0
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2.2.5.3 Alloying reactions

The formation of lithium with a lot of other metai$, such as Al, Si, Sn, Pb, In, Bi, Sb,
Ag, Al, into lithium alloys is a reversible reaaticat room temperature as shown in
Equation 20. Battery cells including a lithium allas an electrode have got high charge
densities with moderate current densities, causgdabgood Li mobility at room
temperature. [13]

Equation 20: Alloying reactions in secondary litiniion battery cell [13]

Liy,M = xLi*+xe”+ M

During lithiation of the metal steps and slopesunda the charge/discharge diagrams,
due to the formation/backformation of stoichiometintermetallic compounds and
phases LiM. Usually the matrix metal changes their structdramatically within the
lithiation, which is accompanied by mechanical stss and volume changes. Therefore
these materials crumble away after a few chargdidige cycles. Over and above
lithium alloys have a high ionic character and keytare usually very brittle, which
additionally decreases the lifetime of the lithiusloy electrode. The metallurgical
structures and morphologies like grain size, shepéure and orientation of the lithium
alloys are important factors for their dimensiostability during charge/discharge. Very
thin electrodes with a very small particle sizetapsubmicron and nanometre are more
flexible and the volume change within a particlesisall compared to thick electrodes
with big particles. This causes fewer mechanica¢sses and hence the electrode
pulverization is abated and the cycle ability akdl is improved. [13]

Another idea to suppress the electrode pulverisaido embed the alloy metals into a
ductile conductive matrix so that the volume exjpams of the particles can be absorbed.
Examples for this kind of electrodes are Sn-Li &id.i alloys embedded in a carbon
matrix via a core shell mechanism with a specifipacity much higher than graphite and
a great reversibility. [19] These two alloy matézihave a volume expansion of about
300 % during lithiation and caused to a formatidnaoprotective SEI layer at low
potentials they suffer from irreversible charge stomption at each cycle due to the

extreme volume changes. Additionally to the ideatlod ductile matrix there are
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investigations about monolithic Si nanowire carpgtkich can be made by etching of
silicon or by growing via a CVD process on the tighetallic substrate like nickel foil.
These nanowires and the core shell mechanism sebethe best ways of accommodate

the big volume changes of lithium alloys till noj@1]

2.2.6 Positive Electrode Materials

There are two main groups of positive electrodeenits for rechargeable lithium ion
batteries. On the one side materials, which orliyinaclude lithium and on the other
side materials, which at the beginning do not ideldithium and hence have to be
combined with an anode containing lithium. Thedéidm including materials like
LiCoO, and LiFePQ are normally stable in air and de-insert lithiunthwa potential of
about 4 V (vs. Li/LT). The other non-lithium containing materials Ii4eOs and MO,
(M = Mn, Fe, Co) have to be loaded with lithiumtire first cycle at a potential of about
3 V and are not stable in air and moisture in thisrated state. Therefore these materials
are also often called 3 V and 4 V materials. [13]

The most important cathode materials in these dagydithium metal oxides like LiCoO
and LiMn,O,4, polyanionic materials like LiFeRCand organic materials like jJGsOe.
[11]

2.2.6.1 Layered metal oxides

Layered metal oxides are the most common positigetren materials for secondary
lithium ion batteries. There exist two main groufie layered structured LIMQM =
Co, Mn, Ni and their combinations or substitutioasid the spinel structured Lp2,.
[11]

The most commercialised positive electrode matéoiasecondary lithium ion batteries
is the two dimensional host LICe@OThe corresponding lithium insertion reaction is
shown in Equation 21, where lithium atoms inserthi@ octahedral cavities between the
layers of edge shard@oGQ;] octahedra. Theoretically this electrode matepzdsesses a
capacity of 274 mAh/g, but due to the high reattiwf its delithiated phases with the
electrolyte the capacity is half limited. This dam abated by doping the material with Al
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or Cr or coating the material with oxides like Zr&nhd AbO; or phosphates like AIPO
and FePQ@ Li/Li\CoGQ, cells operate with an open circuit voltage of a0 V to 4.7 V.
Its advantage is a good cycle ability up to 4.3v¢. (Li/Li*) in different electrolytes,
which is the reason for its great commercialisatiout it spite of that LiCo@suffers
from the limited sources of cobalt, thus the higitgoand additionally the high toxicity
of cobalt. These drawbacks boost the motivatiorfind another cheaper and more

environmental friendly cathode material. [11, 13]

Equation 21: Lithium intercalation reaction of LiOp[21]

. 1 .1 .
LlCOOZ = ELl+ +Ee_ + Llo'5C002

One of the most interesting cathode materials aidiyM;O, with the more
environmental friendly and more abundant metals Mrs Ni, Fe. These materials like
LiNiosMnos0, for example are considered to be safe and inexgensith a high
capacity and a high rate capability. A new cordlsk&ucture was investigated,
consisting of a Li[NigC 2O, corn, which prevents the oxide material of desivec
structural transformations during cycling and arhel instability due to the stable i

in the corn, and a Li[NissC1gMno3O2 shell, which prevents the oxide of
decomposition by the aggressive HF from the eleggadue to the electrochemically
inactive Mn at the outside. [11]

Very promising candidates for metal oxide cathodgemals are Xl.MnOs-(1-x)LIMO,,
(M=Ni, Mn, Co). They consist of two materials wighlayered structure and provide a
higher reversible capacity of about 230 mAh/g coregao Li«CoQO, (=140 mAh/g),
Li;xMn20O4 (=110 mAh/g) and olivine LiFePO(~150 mAh/g) electrodes. The actual
electrochemical activation process occurring with,MnO3-(1-x)LIMO, and the nature
of the oxidised species are not yet completely tsided. The de-intercalation process of
lithium takes place during the initial charging gees at a potential of about 4.4 V (vs.
Li/Li *). At higher potentials the $MnOj3 gets activated, which is characterised by a long
flat plateau at about 4.5 V, leading to a reveesitdpacity of about 200 mAh/g. During

this activation process more lithium in additionaxygen gets removed from MnOs,
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but the exact amount of released oxygen could retnieasured till this day.
Disadvantages of this positive electrode material manganese dissolution at high
electrode potentials, which may affects the littagraphite electrode and the protective
solid electrolyte interface, the high oxidising @atial, which gives rise to undesired
reactions with the electrolyte and an occurringefadthe average cell voltage, caused by
cycling the cathode several times, which is accaongmh by a hysteresis in the

charge/discharge profile. [57-60]

2.2.6.2 Spinels

A great battery cell for electric vehicles for exaen contains LiMaO4 as a positive
electrode material. The advantages of this matarelits safety, due to the chemically
stable MA"/Mn** couple and its rate capability, thanks to a fatighium ion mobility
network. Unfortunately this material suffers frongedual capacity loss caused on the
one side by a Jahn-Teller distortion of the*and on the other side by the dissolution
of Mn in the electrolyte. Further developments uild lithium doping in octahedral sub
lattice to hamper the manganese dissolution andnii nanorods and nanowires to
influence the lattice changes to avoid capacitypdss Nanocrystalline LiM®, (< 15
nm) possesses a fast lithium insertion and a ggoté @bility, due to a solid solution
state lithiation. Another interesting developmentiesoporous kiAVin; 804, Which was

reported to have a specific capacity 50 % highan tine bulk material. [11]

2.2.6.3 Polyanionic materials

Battery cells containing polyanionic-based compaubgM,(X0O.), (M = metal, X = P,
S, Si, Mo, W) are promising candidates for eleciebicles. Especially olivine LIMPO
materials have gained a lot of research intereghénlast years. They all have a flat
voltage profile thanks to a first order phase tit#ns (e.g. FeP@LiFePQ,) during
lithium intercalation and de-intercalation via deagon channels. The lithium transport is
a function of the particle morphologies, size, defeand crystallinity and to avoid
structural blocking of these single ion channelslfd transfer by M* ions nano sized

particles were investigated. [11, 21]
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The olivine structured LiFePOpersuades by its high capacity (170 mAh/g), high
stability, cycle ability and rate capability, due its low surface reactivity, which also
enables the usage of nanoparticles. Furthermoreiothephosphate is abundant and
environmental friendly. The drawbacks of this matleare the low intrinsic electronic
conductivity & 10° S/cm') and lithium diffusivity (10'-10"° cnf/s). One way to boost
the electronic and ionic conductivity of the madéis via doping and coating with more
conductive components like carbon or lithium phospAnother way is to use nanometre
sized particles so that the path of ionic and ed@at transport is abated to a minimum.
[11, 21]

Other investigated olivine phases besides LiFeRith similar theoretical capacities are
LiMnPO,; and LiCoPQ. They have higher redox potentials {#ee&* ~ 3.5 V,
Mn**/Mn?* = 4.1 V, CG*/Co” = 4.7 V) and therefore also higher energy densities,
their big drawbacks are a capacity loss and a laeti&, caused by a low ionic and
electronic conductivity and a bigger anisotropiti¢e@ change during lithiation compared
to LiIFePQ. Further approaches related to the safe Life, PO, with a high capacity
(160-165 mAh/g) and also high rate capability. [21]

Polyanionic materials like fluorophosphates, flisuiphates and silicates are also under
investigation such like &/ePQF (A = Na, Li) and LiFeSgF, at which a change from
[POJ* to [PQF]*, [SOF]* or [SiO]* occurs. The benefit of &AePQF is a 2D
intercalation pathway for lithium ions compared ttee 1D intercalation pathway of
LiFePQ, and little volume changes during cycling. A higlveltage and a better ionic
and electronic conductivity can be gained from ISBgF. Unfortunately the energy
density of this material is not very high and ishta be combined with ionic liquids,

which are still very expensive. [11]
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2.2.6.4 Organic materials

Interesting sustainable organic materials, suchoaslucting polymers and oxocarbons,
are under discussion as positive electrode madefaal lithium ion batteries. Polymers
like polyaniline and perylene-tetracarboxylicacidsthydride sulphide show good
lithium insertion reactions, but the most promisgandidate is the tetralithiated salt of
tetrahydroxybenzoquinone 4GsOg. It has a good cycle ability between,CiOs and
LisCsOs With a capacity of about 200 mAh/g. [11]

2.2.6.5 Vanadium oxides

The oxides of vanadium-, chromium-, niobium- andlybdenum are 3 V cathode
materials with a great lithium insertion capacibyt most of them suffer from a bad
cycling stability and therefore only the vanadiumides \,Os and 03 established in
battery applications. X5 consists of V@ square pyramids, which are connected via
their edges and corners, and forms a two dimenkiogartion host material, where the
lithium ions are intercalated into perovskite-likavities. \6O13 has a comparable
structure with V@ octahedral cavities for the lithium insertion,O4 electrodes are
known as very sensitive to overdischarge, due torawersible phase transformatiamn-(
V,0s), which prevents the delithiation. TheV,0s phase has a rock salt structure and is
chemically or electrochemically gained by the itiserof an excess of lithium into,®s.
Furthermore YOs electrodes suffer from a limited long-term cyclistgbility. V50,3 can
reversibly insert up to six lithium ions, but itsad/backs are a capacity loss during
cycling, a high electronic resistivity of lithiat&0;3 and a high volume change of about
15 %. [13]

V.05 crystallizes in the Pmmn space group with an ehtwmbic cell structure (a=11.50
A, c=4.40 A) and a B, point group symmetry. It consists of a layeredicttire, where
the vanadium atom is surrounded by five oxygen atoesulting in four different V-O
bonds. The shortest and strongest apical ¥bGnd has a length ofi=l1.577 A, the
bridge V-G bond d=1.779 A, the two “ladder step” V-QO,; and Q,) bonds have a
length of d=1.878 A and the interchain V-@0,1) bond d=2.017 A, see Figure 18.
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The vibrational modes of XDs, which can be calculated via the standard table of
characters of irreducible representations of thg dboup (see Figure 19), are listed in
Equation 22. Regarding that only tgerademodes are Raman activengerademodes

are IR active) it follows that in case 0f®5 21 Raman active modes are expected. [61]

Equation 22: Optically vibrational modes of®%
F(Vzas) - 7Ag + 7Bzg + 3Blg + 4‘B3g + 6Blu + 6B3u + 3Au + 3BZu

‘ I

Figure 18: Crystal structure of,%s a) spatial b) plane projection [62]
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Figure 19: Symmetric atomic displacement combimegtifor the Pmmn space group. Numbers 1-4
represent four symmetry equivalent atomic positimna given atom in the unit cell. [61]

In Figure 20 is shown a voltage versus capacitygrdim of different positive and
negative electrode materials for secondary lithiambatteries. [9]
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Figure 20: Voltage/capacity - comparison of différpositive and negative electrode materials toidim
ion batteries [9]
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2.2.7 Current Collectors

Current collectors are used to transport the agltenit to and from the electrodes and
furthermore they are used as substrates for thetrete materials. Thin films are
preferred, because the mass and volume of thentucadlectors are included in the
energy specifications of a battery. Additionallyrremt collectors should have a good
mechanical stability, because of stresses duriegctil fabrication and cycling and a
good chemical stability due to occurring corrosmocesses caused by the aggressive
materials and extreme electrochemical potentia|s34]

A negative current collector should have a lowilith solubility to prevent intolerable
lithium losses in the electrode and to remain iechanical stability. Copper is usually
used in this case, because it is relatively cheahly conductive and easily rolled into
thin foils. [1] Nevertheless it has to be considetieat below 1V cell voltage the copper
at the negative electrode can get oxidised andehenpper ions can dissolved in the
electrolyte. During the next recharge process thdissolved copper ions coat the
negative electrode, which causes capacity lossedaosg the hindrance of lithium plating.
[34] Aluminium is highly reactive with lithium neao the lithium potential and therefore
cannot be used as negative current collectorhiuht ion batteries. [63] Nickel is also a
good choice for negative electrode current collestdoecause of its electrochemical
stability within the working potential of 0.01 —03vs. Li, but unfortunately its very
expensive. [64]

On the positive electrode side the current colledbould have a great oxidation
resistance. Unfortunately the potential of commaosifive electrodes are often higher
than the dissolution potential of a lot of metatal also a lot of lithium salts dissolve
metals by forming highly soluble salts. Aluminiuma good choice for a positive current
collector due to its naturally forming passivatitayer, it's high mechanical strength,
excellent ductility, low density, good electricahdathermal conductivity and it's low
cost. Aluminium cannot be used as the current cigtefor negative electrodes as a
potential shift to negative values, wher€ kgduction occurs, is possible. Copper gets
oxidised above 3 V and therefore is undesirableaasurrent collector for positive

electrode materials. [1, 64-66]
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2.3 Aluminium lon Battery

Compared to the one electron transfer dfibins in secondary lithium ion batteries, the
aluminium ion AP* exhibits a possible transfer of up to three etetdr per ion.
Furthermore aluminium is the most abundant metameht in the earth crust with a
lower reactivity than lithium. The outcome of thésthat batteries including aluminium
ions instead of lithium ions would be cheaper, safel exhibits a higher energy density.
Aluminium metal has a high theoretical capacity apdcific energy and therefore people
were interested in aluminium anodes like for thevahium-air battery. [20, 67]

Al** ion has an ion radius of 53.5 pm and is therefonaller than the Liion which has
an ion radius of 76 pm. Recent investigations oflalaprakash et al. [67] show that a
reversible intercalation of aluminium ions into tieretre long VOs nanowires with an
ionic liquid as electrolyte is possible. In contras the malfunctioning PC/THF
electrolyte the cyclic voltammogram of the ioniquid 1-ethyl-3-methylimidazolium
chloride containing the salt Algexhibits a cathodic peak at ~0.45 V and an anpéak

at ~0.95 V in the potential window of 2.5-0.02 \6(\Al). These peaks turned out to be
stable in their peak position as well as in theirent value even after twenty scans. The
research group therefore suggests that these peaks be likely the intercalation and
de-intercalation of AT" into the orthorhombic crystal structure of,(3%. With this
investigation they produced a battery cell with gen circuit voltage of 1.8 V and
cycled it galvanostatically with 125 mA/g. The wedkfined insertion plateau at ~0.55 V
occurred to be stable in its potential and the ciéypaecreased from 305 mAh/g to 273
mAh/g within the first twenty cycles. This is low#ran the theoretical capacity of 442
mAh/g calculated for the three electron transfenfrAl* to \,0s. [67]

S. Lui et al. investigated a TjOnanotube array with a tetragonal crystal structure
produced by anodisation and a subsequent calamatep of a titanium foil. Together
with an aqueous electrolyte of 1 M AlGhis TiO, array shows a cathodic peak at -1.26
V and an anodic peak at -0.84 V (vs. SCE). Aquesmhstions of MgCJ and LiCl do not
show this behaviour and therefore the group suggést Aluminium can be reversibly
inserted into the Ti@nanotubes thanks to its smaller ion radius. Furiimeestigations
show a flat discharge plateau at -0.98 V (vs. S@Hjch varies strongly with different

current densities, and a maximum discharge capatit$ mAh/g. [20]
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2.4 Batteries Measuring Methods

2.4.1 Electrochemical Methods

In a typical electrochemical experiment are attléas electrodes involved namely the
working electrode and the counter electrode. Thectelde processes, which are
measured during an experiment, occur only at thekiwg electrode. Therefore the
counter electrode is just needed to close the raattcircuit and in a two electrode
system to act at the same time as a referenceaaectTo avoid polarisation effects at
the reference electrode, caused by a high curtemt through the electrode, a third
separated electrode can be used as referenceodkictvhich helps to stabilise the
potential between the working and reference eldetiend therefore to get more accurate
data. The electrodes are usually immersed in awctrelgte and contacted to a
potentiostat, which allows two different measurehmaethods namely the potentiostatic
controlled measurements, where the potential of ¢k is controlled, and the
galvanostatic controlled measurements, where theemuthat passes through the cell is
controlled. [68, 69]

2.4.1.1 Cycling Voltammetry - Potentiostatic Controlled Maeements

In a cyclic voltammetry measurement the potentis dinearly increased from a starting
potential E to the end potential Eand subsequently decreased back towHich is
schematically drawn in Figure 21. The potentighisreby controlled by a potentiostat at
which the scan rate in V/s characterises the spette potential sweep. A slow scan rate
is usually beneficial for detailed analysis of élechemical reactions. [64]

It is a very common method, which is often usednieestigate the potential at which
oxidation or reduction processes occur, the oxatasiate of a redox species, the number
of electrons involved, the rate of electron trangd@ssible chemical processes associated

with the electron transfer and adsorption effdd4]
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Figure 21: Potential wave of a cyclic voltammetrgaaurement

2.4.1.2 Galvanostatic Controlled Measurements

In a galvanostatic measurement the potentiostdiespp constant current, which runs
through the cell between the working and countectebde, until a certain defined
potential is reached. A negative current for thekivg electrode causes reduction and a
positive current oxidation. The biggest advantageaogalvanostatic measurement
compared to cyclic voltammetry is, that the eled¢r@rocess in a battery system can be
investigated under real working conditions. The stant current method provides

information about the capacity, reversibility, stahce and the rate of diffusion of a
battery cell. [14, 64]
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2.4.1.3 Impedance

Another often used method to characterise battégiése impedance spectroscopy. The
impedance of an electrode or battery is describgedhe addition of a real and an

imaginary part, see Equation 23. The imaginary pai$ given in Equation 24 and the
angular frequency is shown in Equation 25. The imaginary unity/is1. [8]

Equation 23: Impedance [8]
Z=R+jwX

Z... impedance, R... real part resistance, j... imaginenit; ... angular frequency [rad/s], X...imaginary part

Equation 24: Imaginary part X of Impedance [8]

X =wlL 1
@ wC

X...imaginary parte... angular frequency [rad/s], L... inductance, C... citpace

Equation 25: Angular frequency [8]
w = 2nf

®... angular frequency [rad/si,.. Pi, f... frequency [1/s]

In Figure 22 is given a typical battery circuit giam with the corresponding impedance
diagram. G, is the capacitance of the double layer at thefexte between electrode and
electrolyte. Zdescribes the impedance of the electrode reacaodsW is a Warburg
impedance which occurs at diffusion processes.altigation polarisations are given by
the semi circles with each frequency which is ais¢ed to the relaxation processes. The
diffusion polarization is characterised by a 4%felialso known as Warburg impedance.
The ohmic polarisation has not got any capacitivearacter and therefore it is
independent of the frequency. The relaxation time given by the frequency of the

maximum of a semi-circle, see Equation 26. [8]
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Figure 22: Typical battery circuit diagram (top}thvcorresponding Impedance diagram with all thieesk
of polarization effects (bottom) [8]

Equation 26: Relaxation time in Impedance measunefidé
1

=F=

... relaxation time [s], ... frequency of maximum [1/s], R...resistance reldtethe exchange current for the reactiof, [C...

T RC

polarization capacitance [C/V]

2.4.2 Other Techniques

During charge and discharge of a rechargeableulithion battery the host material
usually undergoes a structural change, due to ritexcalation or de-intercalation of
lithium ions. Furthermore these processes ara @teompanied with a loss of specific
capacity, reversibility, rate capability and cydinbehaviour. To improve the
electrochemical behaviour of a rechargeable batiergeems to be necessary to
understand better the connection between electnoichéand structural changes. X-ray,
neutron and electron diffraction for example h@meét long-range information about the
structural changes during charge and dischargen adlectrode material. In contrast to
these techniques X-ray absorption, nuclear magnetgpnance (NMR), electron
paramagnetic resonance (EPR) and X-ray photoetecpectroscopy (XPS) provide
short range data. A very useful non-destructivehaetis the Raman spectroscopy, which

allows the detection of structural changes in tloen& range like local disorder, changes
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in bond lengths, bond angles, coordination, Li dgitg and cation ordering. [70] With
the aid of all these different techniques people ttr investigate the properties and
interactions of the electrode materials to imprtwe lifetime, performance and thermal
stability of a battery. [8]

A key issue to get nearer information about thepkeapg at the electrode surfaces is to
measuren situ, which means to measure during charge or dischafrtfee battery. This
kind of measurement is accompanied with a lot abbjems, because often the
electrolytes as well as the electrodes and theilgessmerging surface films are very
sensitive to moisture, oxygen or gQvhich means, that their properties change by
exposing them to atmosphere. Furthermore an expdsuwvacuum causes a loss of
volatile components, shrinkage of the film and cloainchanges in the surface film,
which also limits then sit-measurements of X-ray photoelectron spectroscogyuger

electron-spectroscopy. [71]

2.4.2.1 Raman spectroscopy

To improve an electrochemical cell it is very imiamt to get a better fundamental
understanding of the basic reactions that occuhatinterface between electrode and
electrolyte and hence to be able to investigate s@wd-solid and solid-liquid interfaces.
[72] Therefore it is necessary to use surface 8easitechniques like Raman
spectroscopy to be able to follow the electrodéaserbehaviour during ion intercalation
and de-intercalation. [73]

The Raman Effect is named after Sir C. V. Ramarp shone of its first discoverer in
1928. If a photon impinges at a molecule it cariti®er absorbed or scattered to a virtual
state, which has less energy than an electrortie. Sthe Rayleigh scattering is marked by
the same energy (frequency) and therefore same levegth of the scattered light
compared to the incident photon. This kind of soaty is also called elastically
scattering and occurs when no changes in the atoooicinates of the molecule happen.
The Raman scattering occurs by exciting a vibrationotion of the molecule, which
leads to a change in the polarisability describiog easily the electron cloud around a
molecule can be distorted. During this so calleglastically scattering, which happens

only to 1 of 18 photons, the photon looses or gains energy. Dépgnahether the
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energy gets transferred from the photon to therastasng molecule or the other way
round, the scattering is called Stokes scatterm@mi-Stokes scattering, see Figure 23a.
The Anti-Stokes Raman scattering is dependent aitegk ground states, which are
usually lesser than the ground state populationthecdefore the signal is much weaker
compared to the Stoke Raman scattering signal,Fspae 23b. The typical Raman
Spectrum plots the frequency difference to thedewt photons the so call&man shift
against the intensity. Because of the Raman dhééd spectra are independent of the
frequency of the original photons. [61, 70]

With the help of the group theory it is possiblefigure out which vibration modes are
Raman active and which are not. [74]

(a) Mid IR Stokes Raman Rayleigh Anti-Stokes Raman Fluorescel (b) RAYLEIGH
Electronic = STOKES
gl e ——— ~—— RAMAN
Virtual 4
States ~ =emeeeee & ekl LIRS CLELELE [ EELETSTTE fofunen
ANTI-STOKES
RAMAN
Par A
= V, - e
Vot Wvib 0 Vo = Wvib
st a -s— Absolute frequency
States i

Ground State

Figure 23: a) Energy level diagram of differentgegsses and b) Raman and Rayleigh scattering of an
excitation frequencygand a molecular vibration of the samplg.\[61]

The schematic instrumentation of a Raman spectemetshown in Figure 24. A laser
with its monochromatic light and high power is usesilight source to ensure enough
detectable Raman signal. With the help of a mi@psmbjective the laser is focused on
the sample. This same objective collects the battesed Raman light and forwards the
information via a Holographic Notchflter to a chargoupled device (CCD) detector.
Therefore high numerical aperture microscope oljestare needed to improve the
spatial resolution (~im?) and the optical collection power. The holograpKistchfilter

consists basically of a glass plate coated wittolgnper film. On the one hand side it
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highly reflects the wavelength of the incident laged on the other hand side it lets pass
all other wavelengths. Therefore the backscattBageigh light gets separated from the
Raman signal, which leads to a higher sensitivitye CCD detector is made of many
little integrated circuit chips containing thousandf little picture elements (pixels),
which are very sensitive to light. Hence it is pblesto measure the whole spectrum in
less than a second and with a very low laser poverdeo camera together with a white
light source allows having a look at the sampleulgh the microscope. [61, 75]

During anex situmeasurement the working electrode gets exposetr tanoisture or
vacuum of necessity due to the different measumethods. This may cause changes in
the properties and surface appearance of the ahlgtectrode. Thereforen situ
measurements are beneficial to investigate eleetppdcesses while the electrochemical
reactions occur. Especiallg situ Raman measurements provide important information
about the molecular and microscopic level of trextebde surface including the solution
interface where the electrochemical happenings app®ther in situ measuring
techniques include for example UV-visible (UV-vighd infra-red (IR) spectroscopy.
[17]

Eyepiece
=
I
Removable . . Rg )
mirror \// - —_———-== = | == I—""'"__ —»| Spectrometer
Incident laser | ~=_ =
beam I .  Spectrometer
\ 1 entrance slit
sl Holographic
U < Notchfilter

Interferential filter

Microscope
objective _,

Sample 5 —

L 4

Z

Figure 24: Schematic sketch of a confocal Ramamasjpectrometer system [61]
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2.4.2.2 Solid State Nuclear Magnetic Resonance (SSNMR)

Nuclear magnetic resonance (NMR) measurementgjoidlisamples are popular since
the mid 1960s. It is well known for studies of nmlr structures, thanks to the
characteristically so callethemical shifof the resonance frequency of an atom, which is
highly dependent on the chemical environment. Tieblpm with solid samples was their
anisotropic nuclear interactions averaged by mdéeamotion, due to their dependence
on molecular orientation. In liquids there exisg@d mobility of the molecules and
therefore are able to reorient very quickly. Inid®lthis motions is hampered which
causes broad humps instead of sharp spectral #indsthe chemical information is
therefore lost. [76]

Two major investigations helped to improve solichtst NMR measurements: the
oriented-sample solid state NMR spectroscopy, wheels to single-crystal-like spectra
with a high resolution and the magic-angle-spinniMAS) measurements, which
averages the anisotropic interactions to first ordg using so-called recoupling
techniques. Since the 1989s solid state NMR tectesidpecame more and more familiar
and nowadays it is widely used in the field of mialechemistry. [77, 78]

2.4.2.3 Scanning Electron Microscope (SEM)

When an electron beam is focused on a sample #dwtr@hs can be elastically or in-
elastically scattered. Depending on the energy hef detected electrons there is a
distinction drawn between secondary electrons (B&gkscattered electrons (BE) and
Auger electrons (AE). Secondary electrons havdawest energy most likely about 2-5
eV in comparison to backscattered and Auger elestravhich possess an energy higher
than 50 eV, see Figure 25. [79]

Secondary electrons arise from an exit depth ofiaboly 0.5-10 nm and are mostly used
for topographical and morphological imaging dughe dependence of the intensity of
secondary electrons to the angle of incidenceohtrast to auger electrons are secondary
electrons not characteristic to the compositiothefsurface layer. [80-82]

50



- BSE

LLE

NIE] —=

Plasmon

losses \

0 S0ev 2keV Exell
Electron energy —=

Electron range R

Figure 25: Left: Excitation area of secondary elmt$ (SE), back scattered electrons (BE), Augeatieles
(AE) and X-ray quanta (x) after an exposure ofgample with primary electrons (PE). Right: Schemati
energy spectrum of the different electrons. [79]

2.4.2.4 X-ray diffraction (XRD)

One big advantage of X-ray analysis is its non{desive behaviour. X-rays can be used
for example to study bulk structures of materiaisXeray diffraction (XRD), to identify
different elements or material defects within a glemvia the ability for X-ray
transmission or absorption and for the qualitatimd quantitative analysis of elements by
X-ray fluorescence (XRF) measurements. [83]

The principal of the XRD measurement is the diffi@ac of X-rays by the lattice planes
of a crystal in a characteristic angle, whereat ititensity of the scattered rays is a
function of the positions of the atoms. By measydifferent sets of planes it leads to a
unique pattern which helps to identify the crystalicture of the sample. [84]

When high energy electrons impinge at a target mniahtike copper it produces X-rays
with a characteristic energy for the target matearal secondary a continuous spectrum
of X-rays, caused by the deceleration of the ebastr With the help of a monochromator
the characteristic X-rays can get separated froenuidesirable continuous spectrum,
which is also known aBremsstrahlungAfterwards the characteristic X-rays get focused
on the sample and if the wavelengths of the X-@gsin the order of the lattice spacing
they get elastically diffracted. Elastically scatd X-rays can interfere destructive or

constructive according to the Bragg’s law, see Hqna&7. The variable stands for an
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integer,/ is the wavelength of the incident wawkis the spacing between the planes in
the atomic lattice an@ is the angle between the incident rays and théestey plane

also seen in Figure 26. [83-85]

Equation 27: Bragg’s law [85]
niA = 2dsin®

n... integer... wavelength of incident wave, d... spacing betwthe planes in the atomic latti€®,. angle between the incident rays

and the scattering plane

Figure 26: Reflection of X-rays against latticerpa according to Bragg, redrawn from [86]
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3 Experimental

3.1 Battery Cell Types

3.1.1 Coin Cell

For three electrode measurements were used an EC@dR cell from EL-Cell GmbH in
Germany. The current collectors are made of stesniteel and polyether ether ketone
(PEEK) an organic polymer thermoplastic, which Basellent mechanical and chemical
resistance properties. In Figure 27 is shown aenaBked and disassembled coin cell. The
spring is gold plated to provide a perfect currgansfer and the piston is made of
corrosion resistant titanium. This cell has anynthameter of 18 mm and allows a
sandwich geometry with a concentricity better tftah mm. Thanks to the spring a
homogeneous mechanical pressure lays on the alestr@ther benefits are its small
defined electrolyte volume down to 0.1 mL, due tmimized dead volume and its low
He leakage rate <10Estd cni/s owing to PE washers used for sealing off thé el
sketch of an assembled coin cell is shown left igufé 28. To insert the lithium
reference electrode a special instrument has tasbd, which is similar to a syringe. A

photo of this instrument can be seen in Figurer2&e right side. [87]

ik =
Figure 27: Assembled (left) and disassembled (yigbin cell
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Stalnless stoel bracket makes
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assemibly
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Figure 28: Sketch of an assembled coin cell (Bfi) instrument for lithium reference electrode itisa
(right) [87]

3.1.2 Swagelok Cell

Swagelok cells are used for two electrode measursnshown in Figure 29. In this case
the electrodes are stacked inside the middle t@parated through a separator and
pressed together via two spring loaded stainlessl| sturrent collectors. The counter

electrode also acts as reference electrode.

Figure 29: Assembled (left, above), disassembleftl, ¢pelow) and connected (right) Swagelok cell
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3.1.3 In situ Raman Cell

In situ Raman cells must fulfil several essential aspéctaust provide a good electronic
contact between the electrodes while preventingtsticcuits and it must be sealed up
from air and moisture for a usual measurement geftarthermore it must be possible to
focus a laser on the electrode in a way that ittrme$ pass through a thick layer of
electrolyte usually causing a lot of undesired algroise. Other beneficial aspects are an
easy assembling and a high cell-flexibility for @stigations of different systems.
Sketches of the two electrodessitu Raman cell are shown in Figure 30. A and B outline
the assembleth situ Raman cell while C shows the enlarged area, wisicharked in A
with a black circle, where the components are sgpdrand drawn in an expanded scale.
The body of thén situ Raman cell is made of an organic thermoplastigmpel polyether
ether ketone (PEEK) with excellent mechanical ahdnacal resistance. For a good
electrochemical contact the cell includes two eleakt copper contacts for the working
electrode and a spring loaded contact for the esuglectrode including an adjustable
screw. A titanium coin is used as a current cotletdr the counter electrode. To provide
a small vertical movement freedom to be able tepthe electrodes together and to seal
up the cell an O-ring, made of ethylene propyleie@e monomer (EPDM), is put around
the current collector. On this current collectoe tounter electrode is placed, which is
covered with a usual filter paper, acting as aisgpa On this separator the free standing
working electrode is placed, which gets coveredhait aluminium or copper foil dish
used as current collector for the working electrddes current collector has a small hole
in the middle (diameter ca. 1mm) through which ldémer can be later focused on the
electrode surface. Finally a thin optical glassdew (0.15 mm thick) is placed on the
current collector which seals up the cell with biedp of another O-ring placed around the
whole stack of electrodes. After closing the cellderewing the cell cover on top the
electrodes can be pressed together by screwingadhestable screw of the counter
electrode a little bit more into the cell. This hasbe made very carefully to avoid
breaking the glass window at the other side otk

In Figure 31 an image of the assembled (left) aadssembleth situ Raman cell (right)

is shown. Figure 32 shows the step by step assegnbpibcess of the cell. With this kind

of assembling of then situ Raman cell it is possible to focus the laser atlthckside of
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the working electrode. Therefore the laser hasas ghrough the optical glass window
and a thin layer of electrolyte, covering the elede.

The whole cell was cleaned with distilled water @tétone and dried in an oven at ca.
80°C under air atmosphere. Afterwards it was diyettinsferred into an argon filled
glove box, where it is assembled and sealed uph®smMmeasurement. After assembling
the open circuit potential was measured to cheaknagshort circuit.

(A) Enlarged Area (B)

Cell Cover

Electrical Cell Body

Contact A
for WE

Spring
Loaded Adjustable Screw
Contact
CE
(C) Laser Beam
L ’ @———Cell Cover
Holed Al p—
Current = ~ Glass Window
Collector — (0.15 mm thick)
— —
Separator e M ,
O- Ring
Al Contact o Cell Body
Wire for WE

Ti Current

O- Ring
Collector CE

Figure 30: Two electrodia situ Raman cell in (A) the fully assembled stage, {(Bg&-dimensional
perspective and (C) an enlarged area showing herate components (expanded, not to scale) [88].
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Figure 32: Assembling of tha situ Raman cell from left to right

3.2 Synthesis of M\Os Nanowires

0.365 g of the commercial powdep® (Sigma-Aldrich, < 99.99 % trace metal basis,)
were vigorously mixed with 30 mL Milli-Q water on irrer plate with the help of a
magnetic stir bar. Then 5 mL 30 %,® (ACS reagent contains inhibitor, Sigma
Aldrich) was added and the solution was vigoroustyred for 20 minutes. The
red/orange clear solution was transferred intoaenkgss steel digestion bomb (Model
4744 General Purpose Acid Digestion Vessel, 45 Rdty Instrument Company) with a
polytetrafluoroethylene (PTFE) 45 mL inlay and b an oven of about 205°C for 4
days. This resulted in an orange/yellow precipitatspended in a yellow clear solution.
The product was then washed several times withrnaatd ethanol. Afterwards it was
dried in a vacuum oven at 80°C overnight for aldduhours. During this dehydration the
colour changed from yellow/orange to yellow/gre€he last step of this synthesis was a
calcination process in air at 400°C for 1 h andn2d. In the meantime the colour
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changed back from yellow/green to yellow/oranges Beyure 33. The occurred weight

loss was thereby 3.54 %. From the synthesis 0.388\¢0Os nanowires was produced,

which was a yield of 92.7 %.

All together this MOs nanowire production was repeated four times wiighgy

different amounts of initial weights, see Tabld-@r the second, third and fourth time the

quantity was reduced by one-fifth, to ensure natldmage the digestion bomb, because

the total amount of solution inside should be tes& 30 mL for a 45 mL inlay.

To be able to prepare an electrode on a curretgatof the active material was broken

up with a pestle and mortar to get a powder.

Synthesit | V,05

Figure 33: \\Os nanowires (% synthesis)

Table 2: Synthesis of XDs nanowires — initial weights
Milli -Q H,O H,0,

Total amount of solution

Nanowires Yield

[9] [mL] [mL] [mL] [9] [%]
1. 0.36¢ 30 5 35 0.33¢ 927
2. 0.291 24 4 28 0.26:  90.Z
3. 0.31: 24 4 28 0.28¢t  92.2
4. 0.30¢ 24 4 28 0.29¢  97.C
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3.3 Preparation of Electrodes

3.3.1 Electrodes for Coin Cells and Swagelok Cells

Different active materials, such as LihdDy (Sigma-Aldrich, Lithium manganese(lll,
IV)oxide, electrochemical grade), TiO(Titanium dioxide HOMBITAN, S141
835614010), VOs (Sigma-Aldrich, < 99.99 % trace metal base)d LyTisO;2
(HOMBITEC LTO5), black carbon (Super C65 — TIMCAIC.NERGY™) as a
conductive additive and the binder Polyvinylideneofide (PVdF — Sigma-Aldrich,
182702-250G, Average W 534.000 by GPC, powder) were weighed into a lsghats
bottle in various ratios such as 60/20/20 or 7A/25f mass%. Afterwards the organic
solvent N-Methyl-2-Pyrrolidone (NMP — Sigma-Aldricanhydrous, 99.5%) was added
until a viscous slurry occurred via stirring. Additally an ultrasonic cleaner was used
three times for about 5 minutes to break all aggi@tes and to get a smooth slurry.

The obtained slurry was coated onto the designaie@nt collector (copper, aluminium
or stainless steel) with a preferred thickness§@@m) by a doctor blade and then dried
in an oven under atmosphere at 80°C, see leftgar€i34.

Finally the required size of the electrode was gianout with a hammer and a metal
sand rammer, see Figure 29 right. To remove watisoration on the surface the

electrodes was finally dried overnight in a vacuawwen at 120°C in the glove box.

Figure 34: Casted TiCelectrode on copper and metal slider (left) antahsand rammer (right) [89]
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3.3.2 Electrodes forin situ Raman Cell
3.3.2.1 Free Standing Electrodes

For in situ Raman cell measurements a free standing elecisoduired. This can be

put in the middle of the separator and covered withcurrent collector. To get such a
free standing electrode an electrode slurry (madanoactive material, carbon black,

binder and solvent) with a high binder concentratiets casted on a flat glass plate.
After drying for a couple of hours in an oven at 88°C the electrode was then peeled
off the glass with the aid of a plastic scraperisTimethod leads to a free standing
electrode film, which can be cut into small eledegieces. The actual active material in
those electrodes can be determined by weighingsabdequently relating the value to

the concentration of active material in the usedrg!

3.3.2.2 Electrodes coated on a Filter Paper

Another method to get a usaliesitu Raman electrode is to put a few drops of electrode
slurry directly on a filter paper in the size of@parator. Afterwards the filter paper gets
completely dried in a vacuum oven and subsequerglghted. The actual mass of active
material can again be calculated by relating thessma the concentration of active
material in the used slurry. Benefits of this prepian method are the possibility of using
less binder, which means more active material &edefore less noise signal, and the
easy and time saving fabrication.

In case of the ¥Os nanowires the active material gets directly weaghtn a separator
and afterwards covered with drops of a slurry, wtimg of solvent, carbon black and a
bit of binder. After drying in a vacuum oven forcauple of hours these covered filter
papers can be used as a standard electrode.

60



3.4 Preparation of Electrolytes

3.4.1 EC/DMC with LiCIO 4

2.128 g of LiCIQ (Sigma-Aldrich, battery grade, dry, 99.99% tracetah basis) was
dissolved in 10 mL dimethyl carbonate (DMC, Sigmldsch, anhydrous,>99%).
Ethylene carbonate (EC, Sigma-Aldrich, anhydro@P was heated to 50°C until it
was solvent and afterwards 10 mL of it were addetié other solution and mixed until a
clear transparent solution occurred. In the encelactrolyte of EC and DMC with a

volume ratio of 1:1 with 1 M LiCl@Qwas produced.

3.4.2 EC/DMC with LiPF ¢

1.5196 g of LiPE (Sigma-Aldrich, battery grade, dr§99.99% trace metal basis) was
dissolved in 5 mL dimethyl carbonate (DMC). Aftenda 5 mL of warm liquid ethylene

carbonate (EC) were added and mixed until an unctéghtly orange solution occurred.
This resulted in an electrolyte of EC and DMC cetisg of a volume ratio of 1:1 with 1

M of the salt LiPEk in solution

3.4.3 ((EMIm]CI) with AICI 5

10.016 g of the solid AlGI(Sigma-Aldrich, anhydrous 99.99%) were added 898 g of
the solid 1-ethyl-3-methylimidazolium chloridgieMIm]CI) (Sigma Aldrich,> 98%,< 300
ppm HO). During a strong exothermic reaction an orangmarcionic liquid was

produced, which has a low viscosity at room tenipeea

3.4.4 Aqueous AICl;

1.339 g of AIC} was slowly added to 10 mL of Milli-Q water whillke vial was hold by
a labour cramp over an ice bath. It was, as exgeeteery strong exothermic reaction,

but finally a solution of 1 M AIG in water was produced.
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3.5 Equipment properties
3.5.1 Raman Instrumentation

All Raman spectra were collected with a confocafian Raman microscope from
Renishaw. The spectra were measured at room tetapeia 22°C) using a Renishaw
RL633 HeNe laser with a wavelength of 633 nm, ainaiaser power of 12.5 - 17 mW
CW. A wide angle 50x objective (from Olympus) wased to focus the laser onto the
electrode surface without touching the glass windéw band calibration was used a
silicon surface with a very precise signal pea& Raman shift of 520 cm

A movable X-Y-Z computer controlled stage, a closeduit television camera (CCTV)
and a mercury-vapour white light lamp allowed fangsthe laser on the electrode
surface and moving it over the surface in ordeind a perfect measuring spot with the
strongest Raman signal. With the help of the vidamera it was also possible to take
pictures of the electrode surface while lookingmatight field at the surface.

As detector was used a charge coupled device (@@mDgra, for more information see
also Chapter 2.4.2.1.

3.5.2 Potentiostat Instrumentation

For battery testing measurements was used a fie@aneh Ultimate Electrochemical
Workstation (VSP — Modular 5 Channels PotentioS@ltfanostat/EIS) from BioLogic.
Additionally an Electrochemical Impedance Spectopsc(EIS) analyser (1qHz to 1
MHz) was included. Foin situ Raman measurements a BioLogic SP-150 was used.

Both potentiostats ran with an EC-I®afoftware package.

3.5.3 Solid State NMR Spectroscopy Instrumentation

The solid state NMR experiment§’Al (I = 5/2) and™'V (I = 7/2)) were carried out on a
9.4 T Bruker DSX 400 MHz spectrometer equipped \aitBruker 4 mm HXY probe (in
double resonance mode) tunedg(?’Al) = 104.3 MHz for?’Al or vo(°V) = 105.2 MHz

for V. 2’Al NMR spectra were recorded with a rotor synchzedi Hahn echo pulse

sequence with one rotor period of evolution/refaoggo avoid probe ring down, while

62



>/ NMR spectra were simply recorded with a one psisguence. FOTAl, a selective
short pulse length/2 = 1us at a rf field ofv; = 83 kHz was used at a recycle delay of 0.5
s, while for>’V a selective short pulse lengtf2 = 0.75ps at a rf field ofv; = 83 kHz
was used at a recycle delay of 5 s. All experimargse performed under MAS and the
MAS frequencies are given in the figure captionise TAl and **V chemical shifts were
externally referenced to a 0.1 M solution of AI(j£) in water at O ppm, and to a 0.16 M
saturated solution of Na\\On water at -574.4 ppm (corresponding to neat \ACAI0

ppm). [90]

3.5.4 Glove Box Instrumentation

The glove box was an Inert Lab 2 GB Glove Box Systieom the company IT —
Innovative Technology, see Figure 35. It was a B9ge SS Construction with an inert
atmosphere of less than 0.1 ppm &d less than 1 ppm.8. For the insertion of
materials a small and a large chamber existed.|3fyer chamber included a heating
system to be able to use it as a vacuum oven tonaterials before entering the glove
box.

Figure 35: Glove box — Inert Lab 2 GB Glove Box ®ys (IT — Innovative Technology)
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4 Results and Discussion

4.1 V,0s Nanowire Synthesis and Characterisation

The V,Os nanowires, which were synthesized via a hydrotaémethod as mentioned in
3.2, were analysed with the aid of an electron osicope and by X-ray diffraction
(XRD) measurements. Furthermore the crushe@s\hanowires with pestle and mortar
from the first synthesis and the commercialDy powder, which was used as starting
material, have been analyzed.

The scanning electron microscope (SEM) picture¥ 3 nanowires (I synthesis), the
crushed nanowires and the commercigDypowder are shown in Table 3. According to
these SEM pictures in Table 3 the synthesis gbs\hanowires was successful. During
the first synthesis the commerciab®% powder, which consists of up to 1 mm big
agglomerates of powder, was transformed into lleas Lum thick nanowires. Most of
them are also longer than 1 cm. By crushing thesmwires with the help of a pestil and
mortar the length of mostly all wires gets strongbduced down to a couple of
micrometers.

In Figure 36 are the different XRD data plotted iagareference YOs data from the
Inorganic Crystal Structure Database (ICSD) of Rdrlsruhe — Leibniz Institute for
Information Infrastructure. The peak positionsitd tommercial powder compared to the
database agree very well and also the intensitiatians are similar to each other, but
there is one additional big peak at around 38°ctvishould not be there. This big peak
can also be seen in the spectrum of the first aedrel synthesised,@s nanowires. In
the third and fourth synthesis product no such peedurs. Apart from big intensity
differences the spectrum of the first synthesisdpob resembles to the one of the
commercial powder. By crushing the nanowires andrtshing their lengths the
intensities of the different peaks get back to dppearance of the commercial powder,
which is very similar to the orthorhombic databaks¢a and therefore it could be an
evidence for the orthorhombic crystal structuretioé V-Os nanowires. The XRD
spectrum of the nanowires, produced during the reé@ynthesis, does not differ a lot
from the commercial powder, but the third and tbarth synthesis product have less

clear peaks, because the intensities especially 86° upwards are so little that their
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peak positions can just be estimated. The peab@it®26° is always the one with the
biggest intensity from all measured samples. Ttaisds in contrast to the database where
the peak with the biggest intensity is the onebaiua 20°.

Overall the synthesis of centimetre longO4 nanowires via a hydrothermal method
according to a recent paper [91] was successful.

The used orthorhombicX®s data from the Inorganic Crystal Structure Datal{éSED)

of FIZ Karlsruhe — Leibniz Institute for Informatio Infrastructure relates to “A
refinement of the structure of,@s”, Enjalbert, R.; Galy, J., Acta Crystallographi€a
(39,1983-) (1986) 42, pl467-p1469.
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Table 3: SEM Pictures of X0s nanowires (first synthesis), crushegh¢ nanowires (first synthesis) and
the commercial YOs powder (Sigma Aldrich, < 99.99%)

V,05 nanowires (1st Synthesis)

Scale: 2um Scale: 5um Scale: 1Qum

~ P
Yol 7

Crushed V,0s nanowires (£' Synthesis)

Scale: 2um Scale: 1Qum Scale: 5Qum

.
vD12mm  SS50 X1600 S q0pm v xa7 so0pm
16 Jan 2013 [ 16 Jan 2013

V.05 commercial powder (Sigma Aldrich, < 99.99%)

Scale: 5um Scale: 10um Scale: 50um
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4.2 Aluminium lon Battery

4.2.1 lonic Liquid Electrolyte

4.2.1.1 Electrochemical Characterisation

u V205

According to recent investigations [67] the intéatian of aluminium ions into YOs
nanowires using an ionic liquid as electrolyte dtidne possible. Therefore investigations
were undertaken first of all to verify this staterhbut also in case of success to improve
this new kind of battery system. The chemical rieacequation for this intercalation is

shown in Equation 28.

Equation 28: Reaction equation for aluminium indégition into \4Og

V,05 + 3e~ + A3 = AV, 0,

In Figure 37 a potentiostatically cycled measurentnv,0s nanowires on a stainless
steel current collector (60 wt. %8s nanowires from % synthesis, 20 wt. % Super C65,
20 wt. % PVdF, prepared in NMP) and an aluminiumrder electrode is shown. The
electrode was cut out with the aid of a scissor lagnace it was not possible to calculate
the exact amount of active material of the ele@rodue to too inaccurate current
collector weight estimations. Therefore all CV measnents are plotted against the
current I (mA) instead of the current density (mA/Ghe electrolyte was 1-ethyl-3-
methylimidazolium chloride ([EMIm]CI) with AIGL The measurement was run with a
scan rate of 0.2 mV/s and was cycled down to O & laack up to 2.4 V. Unfortunately
corrosion processes from about 1.5 V above werergbd leading to extremely high
current values, which are not completely shownigufe 37. Nevertheless there exists a
small cathodic peak at around 0.4 V which couldikedy the intercalation of aluminium
into the \LOs nanowires. An anodic peak at about 0.8 V hypotiessithe reversible
reaction of the intercalation process. Another dmgdic peak around 1.1 V shows that
something else undesirable is happening. By redutia anodic potential limit to 1.0 V

it is possible to cycle the battery potentiostdiycaithout corrosion processes occuring,
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see Figure 38. During the first eight cycles théheodic peak at around 0.4 V moves
towards 0.35 V and another peak with 0.1 V lesa tha other occurs. At the anodic side
two peaks at around 0.8 V and 0.9 V shift duringfilst cycles towards higher voltages.
In Figure 39 a cyclic voltammetry of @5 (commercial powder) on a stainless steel
current collector (60 wt. % Ms, 20 wt. % Super C65, 20 wt. % PVdF, prepared in
NMP) is shown. As counter electrode was used amialum foil and [EMIm]|CI was
used as electrolyte. The scan rate in Figure 390aasnV/s and the potential limits 0 V
and 1.4 V. During the first cycle a small cathopléak at around 0.3 V occurred. From 1
V upwards a big peak came about at 1.2 V. Aftediegcdown again a huge cathodic
peak at 0.35 V happened, which presumably causetblowing big anodic peak at 0.9
V. During the second anodic cycle corrosion proegsgcurred from 1.2 V upwards.

In Figure 40 was the anodic limit reduced to 1 \hick enabled to cycle the battery a
couple of times without high current peaks comipg During the first cycle one broad
cathodic peak at 0.1 V and two very small anodigkpeat 0.4 V and 0.6 V occurred.
During the second cycle the cathodic peak at 0.doVbroader and an anodic peak at
0.55 V occurred. From the third cycle on a cathqutiek at 0.4 V and an anodic peak at
0.75 V increased with each cycle while the two geftim the first two cycles almost
vanished completely. In Figure 41 the same cell eyated a second time with the same
parameters. The first cycle again did not show eathodic peaks but one anodic peak
around 0.8 V, which causes from the second cycla cathodic peak at 0.45 V, which
shifted towards 0.5 V. The anodic peak at 0.8 \ftstiitowards 0.85 V, while another
anodic peak at 0.7 V occurred during the secontecyc

According to the recent paper about a working ahiumn ion battery [67] the reversible
intercalation of aluminium into s nanowires should cause a cathodic peak at 0.4 V
and an anodic peak at 0.8 V. In contrast to theettallen measurements those peaks
should be stable also after 20 cycles and furthexrm@ other peaks and no corrosion
processes occur while cycling the battery anodioafi to 2.4 V. It was not possible to
gain the same results and therefore it was implesst produce a stable reversible
aluminium ion battery with an electrode made @OY¥ nanowires using the ionic liquid
[EMIm]CI as electrolyte.
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Figure 37: Swagelok cell - Potentiostatic cycliog2(mV/s) of \b\Os nanowires on stainless steel current
collector (60 wt. % YOs nanowires from %synthesis, 20 wt. % Super C65, 20 wt. % PVdF, amegpin
NMP) with aluminium counter electrode and ([EMIm]@lectrolyte; 0.0V —2.4 V
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Figure 38: Swagelok cell - Potentiostatic cyclidg2 mV/s) of \LOs nanowires on stainless steel
current collector (60 wt. % XDs nanowires from % synthesis, 20 wt. % Super C65, 20 wt. % PVdF,
prepared in NMP) with aluminium counter electrode §EMIM]CI) electrolyte; 0.0 V-1.0V
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Figure 39: Swagelok cell - Potentiostatic cycl{dg2 mV/s) of \b\Os commercial powder on
stainless steel current collector (60 wt. ¥y, 20 wt. % Super C65, 20 wt. % PVdF, prepared infM
with aluminium counter electrode and ([EMIm]CI) ei®lyte; 0.0 V- 1.4V
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Figure 40: Swagelok cell - Potentiostatic cycliGg(mV/s) of WOs commercial powder on stainless steel
current collector (60 wt. % XDs, 20 wt. % Super C65, 20 wt. % PVdF, prepared infyMith aluminium
counter electrode and ([EMIm]CI) electrolyte; 0.6-\1.0 V, First run: $-6" cycle
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Figure 41: Swagelok cell - Potentiostatic cycliBg(mV/s) of W Os commercial powder on stainless steel
current collector (60 wt. % XDs, 20 wt. % Super C65, 20 wt. % PVdF, prepared infyMith aluminium
counter electrode and ([EMIm]CI) electrolyte; 0.0-\1.0 V; Second run:"712" cycle

u LiMn204

Additionally to the 4Os electrodes were taken measurements with workiaegtreldes
made of LiMnO, see Figure 43 - Figure 46, within an aluminium drgtt(counter
electrode: aluminium foil, electrolyte: [EMIm]CI)But before trying to intercalate
aluminium into LIMnO, the electrode material must get delithiated. Vdithotential of
about 4 V (vs. Li/Ll) it is possible to de-lithiate to a content of igMin,04, also called
termed A-MnO, [61], also see Chapter 4.3.1.2. This happened witlithium metal
counter electrode and an electrolyte made of 1:1DMC with 1 M of LICIO,. The cell
was sweeped to 4.4 V with 0,150 mA/h, see Figuteré2 potential was hold for 15h till
the current was nearly 0 and then the whole cedl transferred into the glove box, the
working electrode washed with pure DMC and driedcatim temperature for about an
hour. Then the working electrode was stacked ialaminium battery.

Figure 43 shows the first potentiostatic cycle bé tdelithiated LiMpO, working
electrode (59 wt. % LiM#O4, 21 wt. % Super C65, 20 wt. % PVdF, prepared inRyn

a stainless steel current collector in an aluminbattery using the ionic liquid [EMIm]CI
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including AICkL as electrolyte. The potential limits were set 18 U and 2.4 V. There
occurred two cathodic peaks at 1.9 V and 1.1 V.tl@nanodic side there are also two
peaks, which are at 1.5 V and 2.2 V. If the twdhodic peaks are really the intercalation
of aluminium into LiMnRO, something additionally is happening at the ancide,
because of the higher current over the whole ansthe compared to the cathodic one.
The same electrode was cycled another time withséimee parameters, see Figure 44.
During the second cycle one big anodic peak atVigtcurred, which did not appear
anymore within the "8 and the # cycle. The other anodic peak at 2.2 V shifted ryiri
the next two cycles towards 1.9 V. In all thoseleymo cathodic peaks are observed
anymore. This means that there is no reversiblmiaium intercalation into LiMpO,
and that something else, usually undesirable,ppér@ing at the anodic side.

In Figure 45 is shown a slower potentiostaticallgasurement with 0.01 mV/s and a
smaller voltage window from 1.5 — 2.4 V. During tfiest cycle appeared one big
cathodic peak again at 2.1 V, which could be likidlg intercalation of aluminium into
LiMn ,0,, but because of no anodic peaks, also not ingbensl cycle see Figure 46, this

intercalation appears to be irreversible.
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Figure 42: Coin cell - Delithiation of LiMi®, on stainless steel current collector (59 wt. % hil,, 21
wt. % Super C65, 20 wt. % PVdF, prepared in NMRhwthium metal counter electrode and 1:1
EC:DMC electrolyte with 1 M LiCIQ, galvanostatic sweep to 4.4 V with 0.150 mA/hdhel4 V for 15 h
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Figure 43: Coin cell - Potentiostatic cycling (0n®//s) of LiMn,O, on stainless steel current collector (59
wt. % LiMn,O,, 21 wt. % Super C65, 20 wt. % PVdF, prepared inRyMith aluminium counter electrode
and ([EMIm]CI) electrolyte; 0.8 V — 2.4 V; Firstmu1™
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\Figure 44: Coin cell - Potentiostatic cycling (0n¥/s) of LiMn,O, on stainless steel current collector (59
wt. % LiMn,O,, 21 wt. % Super C65, 20 wt. % PVdF, prepared inRyMith aluminium counter electrode
and ([EMIm]CI) electrolyte; 0.8 VV — 2.4 V; Seconghr 2 — 4"
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Figure 45: Coin cell - Potentiostatic cycling (0:8¥/s) of LiMn,O, on stainless steel current collector (59
wt. % LiMn,Oy, 21 wt. % Super C65, 20 wt. % PVdF, prepared inRYMith aluminium counter electrode
and ([EMIm]CI) electrolyte; 1.5 V — 2.4 V; Firstmu1™
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Figure 46: Coin cell - Potentiostatic cycling (0:8Y/s) of LiMn,O, on stainless steel current collector (59
wt. % LiMn,Oy, 21 wt. % Super C65, 20 wt. % PVdF, prepared inRYMith aluminium counter electrode
and ([EMIm]CI) electrolyte; 1.5 V — 2.4 V; Seconahr 2
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u TIOZ

In Figure 47 is shown a potentiostatically measenmenof the working electrode TH@60

wt. % TiO,, 20 wt. % Super C65, 20 wt. % PVdF, prepared inRyMn a stainless steel
current collector in an aluminium battery using [EBEMCI with AICI; as electrolyte. The
scan rate was set to 0.01 mV/s and the voltagdslitoiO V and 1.2 V. There were no
peaks observed and at a potential of about 1.086rksion processes occurred. Figure 48
shows a measurement with a similar electrode wghaller potential window from 0 V
to 1.05 V. Again no significant peaks occurred @nerefore there is no intercalation

reaction of aluminium into Ti®

0,20

0.15
—. 0,10
<
£

0,05

0,00

-
T ¥ T v T v T * T % T ¥ T
0,0 0.2 0,4 06 0.8 1,0 1,2

3+
E,. [V vs. AI/AI™]
Figure 47: Coin cell - Potentiostatic cycling (018Y/s) of TiG, on stainless steel current collector (60 wit.

% TiO,, 20 wt. % Super C65, 20 wt. % PVdF, prepared infYMith aluminium counter electrode and
([EMIm]CI) electrolyte; 0V - 1.2V
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Figure 48: Coin cell - Potentiostatic cycling (018Y/s) of TiG, on stainless steel current collector (60 wit.
% TiO,, 20 wt. % Super C65, 20 wt. % PVdF, prepared infyMith aluminium counter electrode and
([EMIm]CI) electrolyte; 0V -1.0 V

4.2.1.2 Solid state NMR measurements

To get more information about the intercalationgass of aluminium into the ;s
nanowires solid state NMR measurements were caougdn the aluminium inserted
V205 nanowires. For this measurement an electrode Vi@ nanowires on a stainless
steel current collector (27 wt. %,%s nanowires from the™ synthesis, 21 wt. % Super
C65, 52 wt. % PVdF, prepared with NMP) in an aluomim battery (counter electrode:
aluminium foil, electrolyte: [EMIm]CI) was galvantagically swept down to 0 V with a
C-rate of C/25 and then the potential was held dmé current was less than 0.015 mA,
see Figure 49.

After the potential sweep was finished the wholddrg was transferred into the glove
box. The battery was opened and the working eldetrwas washed with DMC several
times. After drying the electrode at room tempea®afior about 1 hour in the glove box
under argon atmosphere the active material wascber off the stainless steel current
collector and grinded with a pestle and mortar. poeder was then transferred into the

solid state NMR measuring rotor, which was subsetjyesealed in the glove box. The
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sealed rotor was airtight and therefore the eldetnwas under argon atmosphere for the
measurement run.

In Figure 50 &’Al MAS spectrum of the working electrode made oY nanowires is
shown, which was galvanostatically swept down i the aluminium ion battery. The
pattern shows three broad peaks at a shift of ali@ub, 36 and 77 ppm, which stand for
6-, 5- and 4-fold coordinated aluminium. A narroeag at 104 ppm represents a 4-fold
aluminium site which is likely a remainder from tAKCI, electrolyte.

Figure 51 represents at the bottom>®¥ MAS spectrum of YOs nanowires (¥
synthesis) and above®®/ MAS spectrum of the working electrode from tharainium
ion battery.

The signal noise ratio of the aluminium battery gkms very poor despite the extensive
experimental time of two days. The rolling baselimay arise from experimental
artefacts (NMR probe ring down) or the presencepafamagnetic vanadium. The
paramagnetic ¥ might be present and is very likely invisible undieese conditions
(high magnetic field + low MAS frequency) or obsethvas the broad feature.

The spectrum of the XDs nanowires is consistent with the literature [92fma single
vanadium environment. Due to quadrupolar broadeasiteyge number of spinning side
bands are observed.

The conclusion of this solid state NMR measurenemiot completely clear, because it
could not be precisely distinguished between imtlated aluminium ions in XDs
nanowires and the oxide Ab;. Therefore further work has to be undertaken tv@ithe

intercalation of aluminium into ¥0s hanowires.
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Figure 49: Galvanostatically sweep ofC%4 nanowires electrode on a stainless steel curdletctor (27
wt. % V,0s nanowires from the"® synthesis, 21 wt. % Super C65, 52 wt. % PVdF, amrepwith NMP) in
an aluminium battery (counter electrode: aluminiioih electrolyte: [EMIm]CI)
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Figure 50%’Al MAS spectrum of Al-battery recorded under a M#&&quency ofy, = 14 kHz. The insert
shows a magnified view (x4) of the spectrum. Tl denotes spinning sidebands.
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Figure 51V MAS spectrunof V,0s nanowire (from ? synthesis) and Al-battery recorded under a MAS
frequency oy, = 10 kHz. The dashed line shows ¢ isotropic resonance at -620 ppm foyO4. [92]

4.2.1.3 In situ Raman Measurement

An in situ Raman measurement of an aluminium battery congisti a \bOs nanowires
working electrode (made via the filter paper pragan method) and an aluminium
counter electrode was made. As electrolyte was tisedonic liquid [EMIm]CI with
AICl3. Unfortunately it was most of the time not possibb get a good X0s Raman
signal, due to too many background signals from dletrolyte. By using a lot less
electrolyte, high laser power of 50%, high confdgadnd a very short exposure time of
just 10 s it was possible to get a spectrum witteptable signal to noise ratio, see Figure
52. However problems with corrosion reactions o@miand hence the electrochemical

cycling was unable to be undertaken in the celer&€fore further work is required.

80



20000

15000 -

10000 -

counts [A. U.]

5000

I " I Y I " I ¥ I . I i I I

I — 1 — T
100 200 300 400 500 600 700 800 900 1000 1100

Raman shift [cm™]

Figure 52: Raman spectrum of® nanowires working electrode within an aluminiunttégy using
[EMIM]CI as electrolyte; 50% laser power, high aordlity, 10 s exposure time, 90-1100thrseline
correction undertaken

4.2.2 Aqueous AICl; Electrolyte

Liu S. et al. [20, 93] suggested in recent papexgher aluminium ion battery with an
aqueous electrolyte containing A{CIAs working electrode is used an anatase,TiO
nanotube array produced by anodization of the metéianium foil. Due to the small
radius of an aluminium three plus charged ion duti be possible to insert and extract
aluminium into and from this anatase }i@anotube arrays. In this paper researches
found a cathodic peak at -1.35 V and an anodic @¢ak.85 V (vs. SCE). The areas
under those peaks are very similar to each othetlzerefore the intercalation seems to
be completely reversible.

In Figure 53 is shown a potentiostatic measureraeatTiO, electrode (70 wt. % Tig

15 wt. % Super C65, 15 wt. % PVdF, prepared witletdoe) on an aluminium current
collector. This electrode was cut into stripes ané end was put into the 1M aqueous
AICI; electrolyte. As counter electrode was used a geaetectrode (90 wt. % graphite
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SFE 6, 10 wt. % PVdF, prepared with NMP), which waés0 coated on an aluminium
current collector, cut into stripes and put inte tectrolyte. The scan rate was 20 mV/s
and the potential limits were set to -1.6 V and®-V. related to a Ag/AgCI electrode,
which was used as reference electrode. The wordiexggrode was cycled four times, but
no peaks occurred at all, see Figure 53.

By reducing the scan rate to 1 mV/s a cathodic peakirred at a potential of about -1.5
V (vs. Ag/AgCI). The saturated Ag/AgCI electrodesta potential of 0.199 V measured
against the standard hydrogen electrode and theasad calomel electrode (SCE) has a
potential of 0.241 V (vs. SHE) [94]. This meanstt{ia5 V vs. Ag/AgCl are -1.542 V vs.
SCE. This stands in contrast to the published pagere the cathodic peak for the
aluminium insertion should be around -1.35 V (VGE3

After sweeping the cell anodically back towards88-V. the cell lost contact at -1.35 V.
The reasons for this were corrosion processes wbalsed the dissolution of the
aluminium current collector at the working eleceodrhis happened every time and
therefore it was not possible to measure this kih@attery assembling. All efforts for
example changing the current collectors to stasnlsteel or parafilm were useless.

Unfortunately it was not possible to get good sfzecf this aluminium battery.
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Figure 53: Aqueous aluminium battery, potentiostdly measurement (20 mV/s) of electrode stripds pu
into the electrolyte (1 M AlGlin water), working electrode: Ti®n aluminium current collector (70 wt. %

TiO,, 15 wt. % Super C65, 15 wt. % PVdF, prepared Witbtone), counter electrode: graphite SFE 6 (90
wt. % graphite SFE 6, 10 wt. % PVdF, prepared \WWP)
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Figure 54: Aqueous aluminium battery, potentitisédly measurement (1 mV/s) of electrode stripet p
into the electrolyte (1 M AlGlin water), working electrode: Tin aluminium current collector (70 wt. %

TiO,, 15 wt. % Super C65, 15 wt. % PVdF, prepared withtone), counter electrode: graphite SFE 6 (90
wt. % graphite SFE 6, 10 wt. % PVdF, prepared \WkHhP)
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4.3 Lithium lon Battery

Different positive and negative electrode materilthin a lithium ion battery were
electrochemically and spectroscopically analysesicdunter electrode was used lithium
metal and as electrolyte a 1:1 solution of EC:DM€luding 1 M of a lithium salt (LiP§
or LiClOy).

4.3.1 Electrochemical Characterisation
4.3.1.1 Carbon

In Figure 55 is shown a typical galvanostatic ayglmeasurement of a working electrode
made of Super C 65 (85 wt. % Super C 65, 15 wt\MF? prepared in NMP on a copper
current collector) stacked in a coin cell togethéth a lithium metal reference and a
lithium metal counter electrode. As electrolyte waed a solution of 1:1 EC:DMC with
1 M LiCIO,. The voltage and current is plotted in this diagiegainst the time.

By analysing the data the voltage gets usuallyt@iioagainsk, which is the amount of
lithium intercalated into the host material relgtito the chemical reaction equation, see
Figure 56.x can be calculated via the specific charge capdéitykg] related to the
theoretical charge capacity [Ah/kg] of the activeatemial. At ambient temperatures
graphitic carbon intercalates one lithium per sixbon atoms [13], see Equation 29, with
a theoretical charge capacity of 372 Ah/kg, whi@n e calculated via Faraday’s
equation, see Equation 5 in Chapter 0. The measuntewas run with a C-rate of C/7,
which was calculated for graphitic carbon. In faoe complete discharge or charge was
run in about 3,5 hours, see Figure 55. Also theimam calculatec was only a little bit
more than 0.4. The reason for this bad electroatedrbehaviour is presumambly the fact
that the active material was not a carbon with lggiphitic contingent, but only a carbon
with a high surface area. Super C 65 is usuallg aseadditive for electrodes to provide a
high conductibility between the active material &nel used current collector. This means
that lithium, which preferentially intercalates ongraphite sheets, could not intercalate
into the whole carbon material and therefore thergd and discharge of the battery was
faster than calculated. Nevertheless the typicadisg process, which is specified in

Chapter 2.2.5.1, can be seen clearly by the threfow steps especially during the

84



lithiation process see Figure 56. In Figure 57heven the corresponding potentiostatic
cycling measurement of the Super C 65 electrode.cHthodic peak at 0.6 V during the

first cycle relates to the SEI formation.

Equation 29: Intercalation of lithium into carbdraanbient temperatures [13]

Lit+e™ +C¢=LiCg
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Figure 55: Typical galvanostatic measurement inia cell, working electrode: 85 wt. % Super C 65, 1
wt. % PVdF, prepared in NMP on copper current abdie counter electrode: lithium metal, electrolyte
1:1 EC:DMC with 1 M LiCIQ, reference electrode: lithium metal, actual C-aft8.5
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Figure 56: Galvanostatic measurement in a coin ae# lithiation and de-lithiation of a working eteode:
85 wt. % Super C 65, 15 wt. % PVdF, prepared in NiRopper current collector, counter electrode:
lithium metal, electrolyte: 1:1 EC:DMC with 1 M LIO,, reference electrode: lithium metal, actual C-rate
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Figure 57: Potentiostatic Cycling of Super C 65%85% Super C 65, 15 wt. % PVdF, prepared in NMP
on a copper current collector) in a lithium battesyan rate: 0.1 mV/s; counter electrode: lithiuetadh
electrolyte: 1:1 EC:DMC with 1 M LiCIQ reference electrode: lithium metal, potentialiién0,005 V and

3.0V
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4.3.1.2 LiMnyO4

LiMn 0,4 de-intercalates lithium reversibly at a potentiilabout 4 V (vs. Li/LT) down

to 0.015x according to the oxidation reaction shown in EgumaB0, which is marked by
two peaks in the potentiostatic cycling voltammagrshown in Figure 58. During the
de-lithiation down to 0.5 x the LiM#D, retains in a cubic structure, where the lithium
atoms are at the tetrahedral sites. From>»Jdn occurs another new cubic structure
besides the other one. [13, 61]. In Figure 59 mwshthe first cycle of a galvanostatic
measurement cycled with C/5. Typical for continuattgarge-discharge cycling of
LixMn,O,4 in a high voltage range is a strong capacity fadiee Figure 60, caused by
dissolution of manganese ions into the electrdigéeling in a lithium poor defect spinel.
[95]

Equation 30: Delithiation reaction of LiM©®, [61]
LiMn,0, = Li,Mn,0,+ (1 —x)e” + (1 —x)Li*
0.015<x<1
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Figure 58: Potentiostatic cycling of LiM@, electrode (68 wt. % LiMyO,, 17 wt. % Super C 65, 15 wt. %
PVdF, prepared with NMP, coated on aluminium curpefiector), counter electrode: lithium metal,
electrolyte: 1:1 EC:DMC with 1 M LiCIQ reference electrode: lithium metal, scan rate:ndV/s,
potential limits: 3.0 V and 4.4 V

87



4,6 -
4.4 ]
4,2 ]
404

3,8 4

[V vs. LilLi’]

3,6

1
. ! —first de-lithiation
uf J I’ - — first lithiation
3.4 4 1
]
i Fl
3,24 ol
. [}
3,0 !
2,8 T : T r T - T . T . 1
1,0 0,8 0,6 0,4 0,2 0,0

X in LianEO4

Figure 59: First cycle of a galvanostatic measurgroéLiMn,0O, (68 wt. % LiMn,O,, 17 wt. % Super C
65, 15 wt. % PVdF, prepared with NMP, coated oméahium current collector) with C/5, potential lirgit
4.4V and 3.0 V, counter electrode: lithium megdéctrolyte: 1:1 EC:DMC with 1 M LiCIQ) reference
electrode: lithium metal
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Figure 60: Specific charge capacities of a galveimsmeasurement of LiM@, (68 wt. % LiMn,O,, 17
wt. % Super C 65, 15 wt. % PVdF, prepared with Nigégted on aluminium current collector) with C/5,
potential limits: 4.4 V and 3.0 V, counter electeotithium metal, electrolyte: 1:1 EC:DMC with 1 M
LiClO,, reference electrode: lithium metal
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4.3.1.3 TiO;

TiO, inserts lithium up to a content of 0.6 lithium @® per mole of titanium oxide
following Equation 31. TiQconsists of an orthorhombic crystal lattice, whelithium
ions intercalate into half of the octahedral voidfie maximum possible amount of
lithium atoms per titanium oxide molecule was con&d by theoretical calculations as
well as by electrochemical experiments [96]. Theencalation of lithium occurs at a
potential of about 1.7 V and the de-lithiation wéHittle bit higher voltage of about 1.9
V, see Figure 61 and Figure 62. The specific chaggecities for both lithiation and de-
lithiation are shown in Figure 63. The increasirgpacities could be explained by the

possible improved wetting of the electrodes duthmegfirst cycles.

Equation 31: Lithiation reaction of Ti(J61]
TiO, + xe” + xLi* = Li,TiO,

0<x<0.6
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Figure 61: Potentiostatic cycling of TAQ60 wt. % TiQ, 20 wt. % Super C 65, 20 wt. % PVdF, prepared
with NMP, coated on copper current collector), deuelectrode: lithium metal, electrolyte: 1:1 EGID
with 1 M LiClO,, reference electrode: lithium metal, scan rat@l @nV/s, potential limits: 1.0 V and 3.0 V
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Figure 62: First two cycles of a galvanostatic nneasient of TiQ (60 wt. % TiQ, 20 wt. % Super C 65,
20 wt. % PVdF, prepared with NMP, coated on comperent collector) with C/5, potential limits: 1\0
and 3.0 V, counter electrode: lithium metal, elelgte: 1:1 EC:DMC with 1 M LiCIQ, reference
electrode: lithium metal
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Figure 63: Specific charge capacities of a galveiimsmeasurement of TEI60 wt. % TiQ, 20 wt. %
Super C 65, 20 wt. % PVdF, prepared with NMP, aate copper current collector) with C/5, potential
limits: 1.0 V and 3.0 V, counter electrode: lithiumetal, electrolyte: 1:1 EC:DMC with 1 M LiCIQ
reference electrode: lithium metal
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4.3.1.4 V.05

V.05 inserts lithium up to a stoichiometry of threenilitm atoms per ¥Os molecule,
according to Equation 32. Its discharge curve iaratterised by three significant
pleateaus, caused by different lithiated phasesgbiivolved in the discharge process.
Their complexity is mainly the reason why the LiD4 system is not completely
understood by now. Figure 64 shows a typical digghaurve with all different lithiated
phases. The, € andé phase transitions occur up to a lithium content=f and are all
fully reversible. They consist of a similar layersttucture like the primary XDs
material. With the increase of lithium content frahe o to thee phase the layers get
more puckered and the distance between the layetssigetched. They and &
transformations are in contrast to the others érgible, due to deformations of the(®4
layers, which lead to an irreversible symmetry lassd bond breaking. By the
intercalation of three lithium atoms per® molecule a weakly crystallized-phase is
formed, which has a tetragonal or cubic symmetetwRen those phase transformations

is always a region where two phases exist in ri8, 61, 62]

Equation 32: Lithiation reaction of X0 [61]
V,05 + xe™ + xLit = Li, V,04
0<x<3
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Figure 64: Typical discharge curve of®% showing the three significant plateaus with theesponding
phases [28]

=  Commercial Powder

In Figure 65 is shown the first cycle of a galvaatis measurement of an electrode made
of V,0Os commercial powder (60 wt. %,X0s commercial powder, 20 wt. % Super C 65,
20 wt. % PVdF, prepared with NMP, coated on alumimicurrent collector). The battery
was discharged with a C-rate of C/4 and the patkhmnits were setto 1.0 V and 4.2 V.
As counter electrode was used lithium metal andelleetrolyte was a solution of 1:1
EC:DMC with 1 M LiCIOs. Lithium metal served as a reference electrode.

The first discharge process clearly shows thretepliateaus, which can be attributed to
the different phase transformations. Thhe&nde phase cannot be distinguished in this
plot, but the phase transformation occurs at anpiadeof about 3.2 V and is finished
before reaching x=1, as written in the literatuBetween1 < x < 1.8 occurs the
transformation of thes phase into thed phase at a potential of 2.25 V. The last
transformation to thew-phase happened at a potential of 1.8 V. The maximu
intercalated lithium amount was about 2.5 lithiutmnas per \dOs molecule.

In Figure 66 is shown the capacity change of thargd (de-lithiation) and discharge
(lithiation) process within 19 cycles. The enormdesrease of capacity from 360 mAh/g
to 230 mAh/g can be explained by the irreversiliiage transition to theandw phase.
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Figure 65: First cycle of a galvanostatic measurgrnéV,0s commercial powder (60 wt. %,Qs
commercial powder, 20 wt. % Super C 65, 20 wt. %dP\Mrepared with NMP, coated on aluminium
current collector) with C/4, potential limits: 1M0and 4.2 V, counter electrode: lithium metal, dlelyte:
1:1 EC:DMC with 1 M LiCIQ, reference electrode: lithium metal

400 -
350
300

250 —

200

Q [mAh/g]

150

100

—a— de-lithiation
—e— |ithiation

50

0 2 4 6 8 10 12 14 16 18 20
cycle number
Figure 66: Specific charge capacities of a galvetimsmeasurement of X@s commercial powder (60 wt.
% V,0s commercial powder, 20 wt. % Super C 65, 20 wt. WP, prepared with NMP, coated on

aluminium current collector) with C/4, potentiahiits: 1.0 V and 4.2 V, counter electrode: lithiuretad,
electrolyte: 1:1 EC:DMC with 1 M LiCIQ reference electrode: lithium metal
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=  Nanowires

In Figure 67 is shown the first cycle of a galvaatie measurement of the system
Li/V ;0s-nanowires. The electrode was made of 60 wt. 3@s\hanowires, 20 wt. %
Super C 65, 20 wt. % PVdF. A suspension with thms&ders was made with the aid of
NMP and afterwards it was coated on an aluminiumec collector. The battery was
stacked with lithium metal as counter electrode arihium metal reference electrode.
The cell was cycled with C/4 with the potentialilisnof 1.0 V and 3.5 V. As electrolyte
was used 1:1 EC:DMC with 1 M LiClO

As by the commercial powder there occurred jusedhpotential steps. The phase
transformation betweem, £ and 6 cannot be distinguished. Those transformations
happened at a potential of about 3 V and ended awitix value of about 0.35. This is
different to the measurement with the commerciavger, where the x-value was near to
1. They phase transformation began at a potential of 2nd was finished with a
stoichiometrie of about x=0.7. The last phaseame into being at a potential of 1.6 V
and reached a lithium content of a little bit lékan 1. The biggest difference to the
commercial powder is little lithium intercalatiomrdent of only about x=1 compared to
nearly x=3 of the commercial powder. Another coospus difference is that the
potential plateaus are steeper. The potentialeeofiifferent phase transformations are a
little bit lower compared to the commercial® powder.

The capacity changes within the first 50 cyclessdrewn in Figure 68. There is also a
big capacity loss after the first cycle from 140 mié\to 60 mAh/g due to the irreversible
phase transition to thg ando phase within the first discharge cycle. The fokarge
cycle does only include one de-intercalation stéene only half of the lithium atoms
were removed. Compared to the commercigDa/powder, see Figure 66, the nanowires
seem to be worse, due to the bigger capacity fadavgn to less than 30 mAh/g within
the first 30 cycles.

In Figure 69 is plotted the corresponding cyclingltammetry measurement. The
potential limits were set to 1.6 and 3.8 V andrtfeasurement was run with a scan rate of
0.1 mV/s. In this measurement can be distinguisietdieen the phase transformation of
a to e at about 3.25 V and theto 6 transformation at about 3.1 V. At 2.2 V occurs the

94



phase. After the first discharge cycle down to\ #e current was reduced by half. This

again is caused presumably by the irreversiblegtrassformation to thephase.
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Figure 67: First cycle of a galvanostatic measurgrnéV,0s nanowires (60 wt. % MDs nanowires, 20 wt.
% Super C 65, 20 wt. % PVdF, prepared with NMPted@n aluminium current collector) with C/4,
potential limits: 1.0 V and 3.5 V, counter electotithium metal, electrolyte: 1:1 EC:DMC with 1 M

LiClO,, reference electrode: lithium metal
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Figure 68: Specific charge capacities of a galvetizsmeasurement of @5 nanowires (60 wt. % 305
commercial powder, 20 wt. % Super C 65, 20 wt. %dP\Mrepared with NMP, coated on aluminium
current collector) with C/4, potential limits: 1M0and 3.5 V, counter electrode: lithium metal, dlelyte:
1:1 EC:DMC with 1 M LiCIQ, reference electrode: lithium metal
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Figure 69: Potentiostatic cycling ob®s nanowires (60 wt. % M0s commercial powder, 20 wt. % Super C
65, 20 wt. % PVdF, prepared with NMP, coated omréthium current collector), counter electrode: littm

metal, electrolyte: 1:1 EC:DMC with 1 M LiClQreference electrode: lithium metal, scan rate:ndV/s,
potential limits: 1.6 V and 3.8 V
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4.3.1.5 LigTisOr2

The lithium atoms in lithium titanate ([TisO12) occupy all tetrahedral 8a voids forming
the spinel (L)sqLi1Tis]16dO12)32¢ Which has a very low electric conductivity. Digin
discharge the lithium atoms move from the 8a to & interstitials leading to
(Lig)16dLi1Tis)16O12)32¢ With a better electronic conductivity, see alsa&tpn 33. The
reversible lithiation process is characterised bhzremely flat voltage plateau at about
1.55 V (vs. Li/Li"). [66, 97, 98]

Equation 33: Lithiation intercalation of fTiisO;, [97]
(Liz)gq[Li1Tisl16q(012)32¢ + €~ + Li* 2 (Lig)16c[Li1Tis]16a(012)32¢

In Figure 70 are plotted the first two cycles ajalvanostatic cycling measurement of a
Li4TisO12 which consisted of 82 wt. % fTiisO;2, 10 wt. % Super C 65 and 8 wt. % of
PVdF. Lithium metal was used as counter electroslevall as a separate reference
electrode. As electrolyte was used a solution &f EC:DMC with 1 M LIiCIQ. The
potential limits were set to 1.0 V and 3.0 V (v§LL") and the cell was cycled with C/5.
The diagram shows a flat voltage plateau at a piatesf about 1.5 V. Also in the first
charge and second discharge occurred this voltege # Figure 71 is shown the
corresponding cycling voltammatry measurement seadnmvith 0.1 mV/s. The
intercalation and de-intercalation of lithium cam dearly seen by the two sharp peaks
occurring at a potential of 1.5 V during dischasagel 1.65 V during charge process.
Figure 72 shows the specific charge capacitiesimviti cycles. The charge capacities
decrease from 158 mAh/g to 143 mAh/g and the diggheapacities from 148 mAh/g to
142 mAh/g.
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Figure 70: First two cycles of a galvanostatic noeasient of a LjTisO,, electrode made of 82 wt. %
Li4TisOq,, 10 wt. % Super C 65, 8 wt. % PVdF, prepared WillP, coated on copper current collector)
with C/5, potential limits: 1.0 V and 3.0 V, countdectrode: lithium metal, electrolyte: 1:1 EC:DNM\ith
1 M LiCIO,, reference electrode: lithium metal
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Figure 71: Potentiostatic cycling of a,LisO;, electrode made of 82 wt. %,Ii50,,, 10 wt. % Super C
65, 8 wt. % PVdF, prepared with NMP, coated on eompirrent collector) counter electrode: lithium
metal, electrolyte: 1:1 EC:DMC with 1 M LiClQreference electrode: lithium metal, scan rate:ndV/s,
potential limits: 1.0 V and 3.0 V
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Figure 72: Specific charge capacities of a galvetiesmeasurement of a/liisO,, electrode made of 82
wt. % LisTisOo, 10 Wt. % Super C 65, 8 wt. % PVdF, prepared WikhP, coated on copper current
collector) with C/5, potential limits: 1.0 V and03V, counter electrode: lithium metal, electrolytel

EC:DMC with 1 M LiCIQ,, reference electrode: lithium metal

4.3.2 Raman Measurements
4.3.2.1 PVdF - Binder Material

Polyvinylidene fluoride, with the molecular formul@H,CF,),, is the most widely used
binder for lithium electrodes, due to its good #lechemical stability and its great
adhesion to the electrode materials and curreteator. [99] PVdF is a semi-crystalline
polymer with four possible crystal phases caltefl, y ands whereat only th@ phase is
used as an organic piezoelectric and ferroelectaterial. It can be easily gained by
mechanical stretching of the non-podaphase, which crystallises directly from the melt.
[100]

In Figure 73 is shown a Raman measurement of pakg/iRylidene Fluoride (PVdF).
There occurred significantly peaks at a Raman shift87 cn, 412 cnt', 610 cnt, 795
cm?, 839 cn and 874 cril, whereat the one at 795 ¢nhas the highest intensity.
Additionally one broad peak at around 560 twas measured. The peaks correlate well
with the literature, where the peaks for thphase occur at 284 ¢m410 cnt, 609 cnt',
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764 cni, 837 cm' and 872 cnit using also a He-Ne-laser with a wavelength of $32.
nm. [100]
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Figure 73: Raman measurement of PVdF binder mateliaNe-laserX=632.816 nm), laser power: 100%,
exposure time: 10 s, range: 90-1000cm

4.3.2.2 V.05

Vanadium pentoxide (M0s) exhibits 21 calculated Raman active modes asigaigc
specified in Chapter 2.2.6.5. The characteristi©apeaks occur up to a Raman shift of
about 1000 ci whereat the angle-bending modes cover the 200:600range and the
bond stretching modes cover the interval of 5000160i*. The peaks with less Raman
shift than 200 cm can be associated with vanadium atom displacemafitpossible
normal vibration modes and their corresponding desgpy distribution and their
assignments to particular atomic displacementdistexl in Table 4. The values with an
elevated b are not yet experimentally observed. [61

The peak with the lowest frequency at 104'doelongs to the translational mode of the
vanadium atom Z(V)3(0s-V-O2) with an Ay symmetry. The peak with the highest
intensity at 144 ci belongs to the vanadium displacement Y(®)Qs-V-0O,). It is a
mixture of two signals including the shear motidrihe ladders (By) and the rotations of
the ladders along their axessz{B The peak at 195 ch 8(0,-V-0,), derives from
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vanadium atoms oscillating along the x-axig éhd Bg. The region between 200 &m
and 400 crif correspond to x- and y- angle bending displacesnehthe Q atom (403
cm™ and 282 cri) and the z-displacements of;@&nd Q,atoms (302 cif). The peak at
480 cm' occurs because of V4 bridge angle bending vibrations. Due to straighi
vibrations, which involve x-displacements of- @Qtoms, arises the Raman peak at 526
cm? (Ag mode). The peak at 700 tnoriginates from the y-displacement of the O
atoms. The peak with the highest frequency of at@®@4 cm' is caused by z-
displacements of the;@tom (A symmetry). [61]

Table 4: Symmetry and Frequency Distribution of idal Vibrations of the YOs Lattice with Their
Assignment to Particular Atomic Displacemefitspt observed experimentally [61]

atomic displacement assignment Ag Bo,
Z(01) v(d,) 994 976"
X(03) v(d,) 8487
X(029) v(dy) 526 502t
Z(03) o(V—03—V) 480

X(01) p(V=01) 403 3507
7(02) 302 3107
X(V) 0(02—V-02) 195 195
Z(V) 0(03—-V-02) 104 143%
atomic displacement assignment Blg B3g
Y(02) v(ds) 700 700
Y(Ol) p(V=01) 282 282
Y(03) 0(02—-V-02) 220
Y(V) 0(03—-V-02) 144 144

Raman measurements were taken from the pp@ ¥ommercial powder and from,®s
nanowires synthesised via th& dnd the o synthesis, see Figure 74. All peak positions
match well with the literature. In Table 5 are sincall measured Raman peaks, attributed
to their atomic displacement and symmetry and coetpavith the data taken from the
literature. [62] The intensities are normalisedhe highest peak, which occurred in each
spectrum.

One significant difference between the Raman specwof the commercial powder and
the Raman spectra of the synthesisg@\hanowires is their intensity distribution. The
commercial powder consists of a very intense Y(¥&lpat a Raman shift of 145 ¢m
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The two nearest peaks at 104 tend 198 cit have a normalised intensity of only 7 %
and 5 %. Compared to this the two Z(V) and X(V)k=im the nanowires spectra around
102 cm' and 196 ci exhibit a normalised intensity of about 26 % arid%. The
second highest peaks in the nanowires spectrhar(€)) peaks around 993 ¢hwith a
normalised intensity of about 44 %. In the comnangowder spectrum have the Z(V)
peak at 994 cthand the Y(Q) peak at 285 cththe same intensity and are therefore both
the second highest peak.

Another difference between the nanowires spectdatia® commercial powder spectrum
is the separation of the ZgDpeak around 480 cfrand the X(@) peak around 528 cfn
Those two peaks in the nanowires spectra are cadp@r those in the commercial
powder spectrum broader and therefore overlaptffighhe two peaks at 481 ¢hand
528 cmi' in the commercial powder are smaller and bettearsged from each other.

A significant difference between the nanowires spea from the first synthesis and the

one from the second synthesis cannot be seen.
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Figure 74: Raman measurement (He-Ne-lase$32.816 nm) of YOs - commercial powder (1% laser
power, 10 s exposure time),® — nanowires % synthesis (100% laser power, 10 s exposure ti)s —

nanowires 2 synthesis (10 % laser power, 10 s exposure time)
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Table 5: Raman Peaks of measure@dsamples with Raman shift and normalised interssitigerature
data taken from [62]

Atomic Assignment Symmetrie | Literature Comm. Nanowires | Nanowires
displacement R. shift Powder (1 synth.) | (2™ synth.)
[em™] [ lem™] [%] | [em™] (%] | [em™] (%]

Z(V) 8(05-V-0,) A, 104 104 7 | 101 27 | 104 26
Y(V) 6(03-V-0,) B1g Bsg 144 145 100 | 143 100 | 145 100
X(V) 8(0,-V-0,) Ag, By 195 198 5 | 195 10 | 197 12
Y(0,) p(V=0,) Big Big 282 285 20 | 284 21 | 285 25
Z(0,) - A, 302 305 4 304 2 305 3
X(0,) p(V=0,) A, 403 405 5 | 405 13 | 405 12
2(0,) 8(V-05-V) A 480 481 5 | 478 10 | 481 8
X(0>) v(da) A, 526 528 4 | 525 7 | 528 2
Y(0,) v(ds) Big Big 700 701 11 | 699 7 | 701 11
z(0,) v(d,) A, 994 994 20 | 993 41 | 993 46

4.3.2.3 Dry Electrodes

=  Carbon

Single-crystal graphite crystallises in thg, space group and exhibits two Raman active
2E;y modes, which appear at 42 and 1575'cffihe one with the lower frequency is
difficult to observed, because of its proximity ttee lasers Rayleigh line. The higher
frequency band (G-band) is a very strong signifigagak originating from the relative
motion of sp carbon atoms in rings and chains. Additionallp&df graphitic materials
show another disorder inducedgAine, also called D-band at about 1350 grdue to
breathing motions of $mtoms in rings at edge planes and defects inrdyghgne sheet.
[61, 101]

In Figure 75 is shown a Raman spectrum measuradigt electrode surface made of 85
wt. % Super C 65 and 15 wt. % PVdF. The G-band meaasured at 1578 ¢hand the
D-band at 1335 cth At 1618 cnit can be seen a little shoulder from the strong Gdba
This peak is called band and is part of the D-band appearance. [102]
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Figure 75: Raman spectrum of a dry carbon elect(®@8evt. % Super C 65, 15 wt. % PVdF), laser power:
10 %, exposure time: 10 s, 10 accumulations

u 11()2

Tetragonal TiQ anatase crystallises in tiig; space group and therefore, according to
the point group analysis, has six expected Raméxeamodes, but only five can be
measured above a temperature of 73 K. The ban#i44atm’, 198 cm® and 398 crl
relate to O-Ti-O bending and the bands at 518 @nd 639 crif correspond to Ti-O
stretching. [61, 103]

In Figure 76 is plotted a Raman measurement oy a i, electrode (60 wt. % Tig) 20

wt. % Super C 65, 20 wt. % PVdF). The significaaaks were occurred at a frequency
of 154 cm', 204 cnt, 399 cn¥, 501 cm' and 618 cril and therefore are slightly
different to the literature data. The peaks retatmthe bending modes were measured at

higher frequencies whereas the peaks corresponditige stretching modes occurred at
lower frequencies.
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u Li4Ti5012

Li4TisO12 has the factor groupd3m and by using the factor group analysis for normal
A[B]O4 spinel-type compounds five Raman active modesapected, namely 4, E
and 3k, Six Raman bands at 160 ¢n235 cni', 335 cnt, 430 cnt, 675 cm and 740
cm™ were observed at which the peaks at 235',c#80 cnt and 675 cnt had the
highest intensity. The two peaks with the highestidiencies are proposed to arise from
Ti-O bond vibrations in Ti@ octahedra. The two peaks in the middle of theueegy
range are supposed to be the stretching vibrawbrke Li-O bonds in LiQ and LiG
polyhedra and the two peaks with the lowest fregigsnare bending vibrations of O-Ti-
O and O-Li-O bonds. [61]

In Figure 77 is shown a Raman spectrum of dikD,, electrode (82 wt. % LTi501,, 8

wt. % Super C 65, 10 wt. % PVdF). Three significapbks could be observed at a
frequency of 233 cih 428 cnit and 672 cril. Two other peaks occurred at 335 tand
740 cni.
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Figure 77: Raman spectrum of a dryTiO,, electrode (82 wt. % LTis0;,, 8 wt. % Super C 65, 10 wt. %
PVdF), laser power: 1%, exposure time: 300 s

4.3.2.4 In situ Raman Measurements

=  Graphite — Lithium Battery

In Figure 78 is plotted amn situ Raman measurement showing the initial lithium
intercalation into a graphite electrode (70 wt. %ES6 Graphite, 30 wt. % PVDF,
prepared in acetone). The laser power was set &,lihie exposure time to 60 s and it
was measured at a Raman shift range of 1200 - &800 The battery cell was cycled
with a C-range of C/15 and the voltage limits weet to 0.01 V and 1.5 V. The
corresponding galvanostatic measurement is showhigare 80. After discharge the
battery was subsequently charged again and theaté¢ed lithium was de-intercalated,
see the relating Raman measurement in Figure 79.

All Raman spectra are baseline corrected to allearcosisualisation. In general has to be
noted that the Raman signal degrades as the cyolder increases. The signal to noise
ration becomes poorer, because of an increasedjtoasid base line. The reason for this
behaviour is the increasing fluorescence producgddégradation products of the

electrolyte. Therefore Raman measurements araibdsttaken during the first cycle.
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During lithium intercalation into graphite the Grshshifted from 1580 cih (x=0) to
1591 cni(x=0.29). This behaviour can be attributed to tagibning of lithium insertion,
which starts at a potential of about 0.55 V. [1DAg D band at 1333 chand also the D
band, which was measured at 1615'¢started to decrease from a potential of about 1 V
onwards and was completely vanished at a poteatiabout 0.5 V. Due to the SEI
formation starting at a potential of about 0.9 VHEC containing electrolytes, it is
believed that the co-intercalation of lithium wl€, which occurs during the formation
of a stable SEI film, disrupts the Raman D-band eaukes its weakness. [104]

At a x value of 0.30 in LCs and a potential of 0.21 V (vs. Liithe G-band split into
two peaks at 1574 ¢Mm(Exg(i)) and 1600 crit (ExgAb)) [61], which is related to a change
from the random distribution of lithium ions intomore compact distribution in the
staged compound. [104] By continuing of the disgkgprocess theg(i) peak shifted
towards 1571 cihwhereat the Eo(b) one kept constant. At a composition of 4:Cs all
peaks completely vanished.

During subsequently charge of the lithium battdry BE4(b) appeared at a potential of
about 0.17 V at a Raman shift of 1595 tand the correspondinggi) band appeared
at 0.19 V at a shift of 1572 ¢ The reunion of those two peaks to the G-band éragp
at a potential of about 0.26 and a Raman shifts@51cni’, which shifted towards 1577

cm® during the last charge steps.
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Figure 78:in situ Raman spectrum, lithium intercalation into grapletectrode (70 wt. % SFE 6 Graphite,
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1800 cmt', C-range: C/15
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Figure 80: Galvanostatic cycling of graphite elede (70 wt. % SFE 6 Graphite, 30 wt. % PVDF, pregar
in acetone) fomn situ Raman measurement, with lithium metal as counéstrede and DMC/EC 1:1 + 1
M LiClO, as electrolyte, cycled with a C-range of C/15tagé limits: 0.01 V and 1.5 V (vs. Li/Di

=  TiO, — Lithium Battery

Figure 81 shows aim situ Raman measurement of an Fi€ectrode (40 wt. % Tig) 30
wt. % Super C 65, 30 wt. % PVDF, prepared in acstaycled against a lithium metal
counter electrode with an electrolyte made of atsmh of EC:DMC 1:1 including 1 M
LiClO4. The cell was cycled with a C rate of C/15. Theresponding galvanostatic
measurement can be seen in Figure 83.

At the beginning of the discharge process the Raspactrum exhibited one significant
O-Ti-O bending peak at 150 ¢mand three broad Ti-O stretching peaks at about
395 cm', 515 cnt and 624 cril, related to the literature see Chapter 4.3.2.3irgu
lithium intercalation the intensity of the O-Ti-Gemding peak decreased and it shifted
slightly from 150 crit to 153 crit. At a potential of about 1.71 V this peak comgliet
vanished, but two new peaks at 168'cand 234 crit occurred instead, which are
presumably caused by splitting up of the O-Ti-Odieg peak. A third new peak at about
345 cm rose from 1.79 V onwards. The two Ti-O stretchiregiks at 395 cthand 634
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cm’ shifted during lithium intercalation closer togethowards 529 cthand 629 cr.

At a potential of about 1.49 V and a compositiorLfysTiO, the Raman signal became
very weak and all peaks changed over into very cdrsignals accompanied with
background noise.

During the charge process the intercalated lithgoh de-intercalated again, see Figure
82. In these spectra the two peaks, caused byitlebending peak split up, increased
while they shift from about 250 chtowards 187 ciand 241 cnt at a potential of ca.
1.93 V. At a potential of 2.04 V and an x value(o83 the two peaks combined at a
Raman shift of about 150 ¢ The peak at 350 cindoes not shift at all during de-
lithiation. Also the two O-Ti-O stretching peakscooed again and increased their
intensity at a Raman shift of about 538 tand 630 cn.

In the literature is claimed that the experimerRaiman data in addition with lattice
dynamics simulation provide different important amhation about the lithium
intercalation into TiQ[61]:

- The Liions are located at different multiple pmsis in the octahedral interstices
of the orthorhombic structure, hypothesised becanise peak splitting and
multiple Raman bands, which cover a wide wavenumdugge

- The splitting up of the low frequency peak giveserto the presumption that the
Li interactions take place with the Titattice

- Li positions with short Li-O distances were foura lie responsible for high
wavenumber features above 800tm

- Strong Li-O bonds, which cant break within the hae
(delithiation/reoxidation) process, correspond tvesal modes in the high
frequency range and therefore can explain the gbarélectrochemical

rechargeability
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Figure 81:n situ Raman spectrum, lithium intercalation into Fi€ectrode (40 wt. % Tig) 30 wt. %
Super C 65, 30 wt. % PVDF, prepared in acetonsgrlpower: 0.5 %, exposure time: 180 s, Raman shift
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u Li4Ti5012— Lithium Battery

The intercalation of lithium into lithium titanatei,TisO12) occurs at a potential of about
1.5 V (vs. Li/Li"), see galvanostatic measurement in Figure 85.nQuthis cyclic
voltammetryin situ Raman measurements were taken, see Figure 8dofal has to be
mentioned, that it was challenging to obtain a gBagnan signal from thm situ cell,
due to background noise. At the beginning was nredsa Raman spectrum with five
peaks at a Raman shift of 160 tn233 cnit, 357 cnt', 426 cnt, 674 cm' and 763 crl.
Unfortunately the spectrum did not change signifia during discharge. The only
difference which can be noticed between the finsk the last spectrum is an intensity loss
of the Raman signal. The electrochemistry of ithsitu cell worked well, according to
the big flat intercalation plateau at 1.5 V vs. Lil/ within the galvanostatically
measurement, sees Figure 85. Therefore it is likedycase that the measured particle
was not involved into the electrochemistry. Perhapsas just not well enough contacted
to the carbon particles, which provide a good elecbntact between the active material
and the current collector. It was very hard to @efuitable Raman signal for @ situ
measurement and every time when the signal wasllubef particle seemed to be apart
from the active electrode material and the signdl mbt change during charge or
discharge. During the short time of this projeetdts not possible to measure changing

situ Raman spectra, but further work is under progress.
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»  V,0s — Lithium Battery
Commercial Powder Electrodes

In Figure 86 ann situ Raman measurement of an electrode made of the eariah
powder \bOsis shown. The cell was stacked with a lithium metainter electrode and a
working electrode made by the separator preparatemhnique, see 3.3.2.2. The
electrolyte was a solution of EC:DMC including 1 MiPFs. The cell was
galvanostatically cycled down to a potential of M8with a C-rate of C/4. It was
measured with a laser power of 1 % and an expdsueeof 60 s at the beginning. After
couple of measurement the exposure tine was getbstestep to higher values, due to
weaker Raman signals. In the first measured spactrccurred ten different peaks at a
Raman shift of 103 cih 145 cni', 197 cni, 284 cnt, 304 cnt, 405 cn, 480 cni, 529
cm?, 700 cmi* and 994 cil. These peaks match well with the literature foOy/ see
Chapter 4.3.2.2. The peak at 145 tmxhibits the highest intensity and is therefore
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neglected in Figure 86, at which the y scale isvzew in to provide a better visualization
of the smaller peaks. At a potential of about 3/2Be peak at a Raman shift of 994tm
started to decrease in intensity while another meak Raman shift of 981 chslowly
appeared and increased its intensity. This split happened until the first peak
completely vanished at a potential of about 3.12nd an x-value of 0.33, see Figure 87
on the left side. This appearance is ended as asdhed phase is completely formed.
During this phase transformation of th@hase to the ands phase also the peaks at 284
cm® and 304 cril changed. They did not shift during lithium intdeten, but their
intensity changed to equality. The peak with thghbst intensity, which occurred at a
potential of 145 ci also did not shift, but lost its intensity contously until it
completely disappeared as soon as the edtpbase was formed, see Figure 87 on the
right side. The peak at 700 &ngot broader during lithium intercalation. The imséy
loss of the peaks can be related to the increasksofder within the YOs layers. [61]
The first measured Raman spectrum of the two pltaaedy at a potential of 2.32 V and

a composition of Lg72V-0s exhibits four broad peaks at a Raman shift of &80, 531
cm?, 630 cm' and 700 crl. The occurred peaks around a Raman shift of 908 can

be likely related to electrolyte background sigreatsl are therefore also neglected in the
zoom range. By reaching theandw® phase no significant peaks could be seen anymore.
In Figure 88 is shown the corresponding galvanwmsteycling measurement of the
commercial MOs powder lithium battery. The different phases, whimccur during
lithium intercalation, are marked.

After all the spectra are similar tom situ Raman measurements ohb(®% thin film
electrodes, which are displayed in the literatd®,[suggesting the insertion mechanism

is similar in this nanosized material.
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Figure 86:In situ Raman spectrum, lithium intercalation intgQ4 commercial powder electrode (filter
paper preparation technique), laser power: 1%, &xgotime: 60 s — 300 s, Raman shift range: 750011
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paper preparation technique), laser power: 1%, sxgatime: 60 s, Raman shift range: left: 950'em
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Figure 88: Galvanostatic cycling of commercialD¢ powder electrode (separator preparation technique)
for in situ Raman measurement, with lithium metal as counést®de and DMC/EC 1:1 + 1 M LiRR&s
electrolyte, cycled with a C-range of C/4, voltdiget: 1.8 V (vs. Li/Li")

Figure 89 displays the galvanostatic measuremeahof situ Raman measurement of a
commercial powder ¥Os working electrode made by the separator preparatio
technique. The battery was discharged down to enpiat of 2 V with a C-range of C/4.
In this diagram it is possible to distinguish betwehe transformation of thephase to
thee phase, which is marked by a flat plateau at 3.2&8nd the further transformation to
the  phase, marked by a flat plateau at 3.1 V can éarlgl seen in this diagram. The
formation of they phase occurred at a potential of about 2.3 V.

The corresponding situ Raman spectra are shown in Figure 90. For begaahksation

of the smaller peaks, the peak with the highesnisity at 145 cih is neglected in this
diagram. This peak lost its intensity within thesahiarge process until it vanished at a
potential of about 3.10 V with the formation of the@hase. The characteristic peaks of
the beginning: phase occurred at a Raman shift of 104" ct#5 cntt, 196 cnt, 284 cm
1305 cmt', 404 cntt, 481 cnit, 526 cntt, 699 cnt and 993 crl. During discharge the
peak at 104 cihlost intensity and shifted towards 94 tmntil is disappeared out of the
measuring range. The peak at 196'agot broader and shifted towards 202 cwhere it
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completely vanished at a potential of 3.20 V. Tkaks at 284 cth 305 cn', 404 cnf,
481 cm' and 526 cnt did not shift significantly. They lost their intsity and got broader
during the measurement. The peak at 699 shifted slightly to a higher Raman shift of
about 705 crl. The significant peak split of the 993 ¢rpeak started at a potential of
about 3.23 V and ended 3.11 V, whereat the secea#t pxhibited a Raman shift of
about 981 crl. Thed phase was marked by 5 peaks at a Raman shift@t28, 430
cm?, 530 cnt, 630 cm® and 710 cril. During the formation of the phase disappeared
the peak at 296 cm

In Figure 91 is shown the peak split at a Ramafi atound 1000 cihin more detail. On
the left side is shown the transformation withia gotential of 0 V and 3.12 V, where the
significant peak split occurred. On the right sslshown the further discharge down to a
potential of about 2.25 V. During this dischargeqass thes phase was build and the
peak at 980 crhlost its intensity, whereat another peak occuateal potential of 230
cmi' and a Raman shift of 1005 &m

Figure 92 displays the de-intercalation procesditbium from the commercial ¥Os
powder electrode up to a potential of 3.5 V. Durihig charge process the peak at 1005
cm’ disappeared and the peak at 980" @ppeared, but did not split up anymore. The
characteristiax spectrum could not be completely established amgmbhis shows the

irreversible phase transformation of thphase.
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Figure 93 - Figure 97 relate to &m situ Raman measurement of a® (commercial
powder) working electrode, which was discharged mdw a potential of 2.8 V and
subsequently charged again up to a potential oi/3.8Bhe transformation from the to
thee phase occurred at a potential of 3.25 V and thadtion of thed phase at 3.1 V, see
Figure 93. Figure 94 displays the situ Raman spectra, which were taken during the
intercalation process of lithium into,@s. During intercalation the significant peak split
of the 994 crit peak occurred at a potential of 3.18 V and waistied at a potential of
2.92 V, which can be related to the end of the &irom of thed phase. The peak with the
highest intensity at 145 chagain lost its intensity enormously within thesfispectra,
but this time it was still present at a potenti&l2®®2 V where the formation of the
phase was nearly completely finished. Also mosthef othera phase peaks could be
identified. During charge process, see Figure B8 significant phase Raman spectrum
suddenly appeared at a potential of 3.34 V, butptek at 145 cthwas still there, but
lost its intensity. At a final potential of 3.80 We characteristicc phase was nearly
completely rebuild. The only big differences in tRaman spectra were the intensity
distributions and that there was still a peak an&a shift of 981 cf next to the peak at
995 cni'. The split up of the peak could not be reformeahgietely. The rebuild of the
phase show the reversibility of the lithium intdateon from thed phase.

Figure 96 and Figure 97 shaw situ Raman measurements at two different spots. As it
can be seen in Figure 96 the intercalated lithinmownt varies at different spots. Spot 2
seems to be better contacted to the carbon maeix,Figure 97 and is therefore faster
with the lithium intercalation compared to spofThe spectra were measured duringran
situ measurement where the spots were changed diraftdy one measurement. At
nearly the same potential the spectra diversifymoasly, which can be seen particularly
at the peak split around the 1000 tiRaman shift range. This means that it is very
important to provide a good electronic contact ltcaetive material particles to achieve

the same lithium concentration anytime all overeleztrode.
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Figure 94:In situ Raman spectrum, lithium intercalation inteQ4 commercial powder electrode (separator
preparation technique), laser power: 0.5 — 1 %psupe time: 30 s — 300 s, Raman shift range: 8000 1
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Figure 95:In situ Raman spectrum, lithium de-intercalation frogOy commercial powder electrode
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Nanowires Electrodes

Figure 98 represents a galvanostatic cycling measeint of a working electrode made of
V05 nanowires (% synthesis). The cell, including a lithium metalinter electrode and
an electrolyte made of a solution of 1:1 EC:DMCluing 1 M LiPF, was cycled down
to 1.8 V (vs. Li/Li"). The different phase formations occurred at 3.®Mhes phase, at
3.1V for thed phase, 2.2 V for the phase and 1.9 V for the phase. Compared to the
electrodes, which were made of the commerci®:\powder, there exists no significant
difference.

In Figure 99 is shown the corresponding situ Raman measurement, which was
measured during lithium intercalation (dischargd) tbe battery. Thea phase is
characterised by 10 peaks, which occurred at a Rahidt of 103 crit, 145 cnt, 197
cm’, 284 cnt', 305 cnt, 404 cni', 480 cnt, 525 cni, 700 cnt and 993 cril. The
significant peak split of the 993 ¢hpeak started at a potential of about 3.24 V antéen
at 3.12 V, which can be related to the end ofétplase formation. Th&phase consisted
of five peaks at a Raman shift of 170800 cn', 420 cnt', 528 cnt and 715 cnf.
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Figure 98: Galvanostatic cycling ob®s nanowires electrode (separator preparation teaeifprin situ
Raman measurement, with lithium metal as countmtelde and DMC/EC 1:1 + 1 M LiR&s electrolyte,
cycled with a C-range of C/4, voltage limit: 1.806. Li/Li")
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Figure 99:In situ Raman spectrum, lithium intercalation intgQ4 nanowires electrode (separator
preparation technique), laser power: 1 %, exposure: 60 s — 180 s, Raman shift range: 80 — 1106, cm

C-range: C/4, voltage limit: 1.8 V (vs. Li/)j y-scale zoomed in
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In Figure 100 is shown a galvanostatic cycling measent of a working electrode made
of V,0s nanowires (8 synthesis) for arin situ Raman measurement. The working
electrode was made by the separator preparatibimitpee and the cell was cycled down
to 2.0 V (vs. Li/Li") with a C-rate of C/4. The to ¢ phase transformation started at a
potential of about 3.3 V, th& formation 3.1 V and the formation at 2.25 V. In Figure
101 are displayed then situ Raman spectra, which were taken during lithium
intercalation. The significant peak split durimgetr to € ande to 6 phase transformation
started at a potential of 3.26 V and ended at ¥.0The other peaks lost their intensity
and got broader. Thephase exhibited six peaks at a Raman shift ofch7) 300 cn’,
420 cmt, 530 cnt', 710 cm' and 980 cit. From the beginning of thephase formation
there were no significant peaks observed anymore.

In Figure 102 is shown thim situ Raman measurement of the subsequent charge (de-
lithiation) and second discharge (lithiation) oé thattery. At the highest charge potential
of about 3.8 V the Raman spectrum consisted of dignificant peaks at 145 ¢trand
980 cni". It did not resemble the. phase, but the interesting thing is, that after
subsequently second discharge of the battery tleaRaspectrum got first back to the
appearance of thephase at a potential of 3.27 V with one 994'queak and a high 145
cm™* peak. After that it changed back to the typicakctarge behavior. Probably the cell
was cycled too fast and the active material partiat which was measured, did not have
enough time to reach equilibrium. The occurrencthef. phase after the charge process
shows, that the formation of the back to thea phase is possible and therefore is
reversible with MOs nanowires in contrast to the commerciaDy powder, where ne.

phase could be measured anymore after discharginwg tb a potential of about 2 V.
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Figure 1011n situ Raman spectrum, lithium intercalation intgQ¢ nanowires electrode (separator
preparation technique), laser power: 1 %, exposome 180 s, Raman shift range: 90 — 1100'c@-
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Figure 103 displays a galvanostatic cycling measerg of a working electrode made of
V,0s nanowires, which was cycled down to a potentid.8fV and back up to 3.8 V (vs.
Li/Li ) with C/4. In both charge and discharge curvestmseen the two significant flat
voltage plateaus, which characterise the phaseftianations of the: to ¢ phase started

at a potential of 3.32 V and tlheo 5 phase transformation, which started at a poteatial
about 3.15 V. The phase transformations duringctierge process occurred at slightly
lower potentials of about 3.1 V and 3.25 V.

The corresponding situ Raman measurement during lithiation is shown gufé 104.
The intensity loss of the Raman signal within tinst fspectra, especially of the 145 ¢tm
peak, can be seen in Figure 106. The peak at 993stamted to split up at 3.25 V during
the ¢ formation and brought a peak at 980 tmbout. At the end of thé phase
transformation the peak at 993 trmompletely disappeared and only the 980" qreak
remained. The Raman spectrum of dhghase consisted of five peaks at a Raman shift of
about 293 cil, 422 cnt, 525 cnt, 708 cnt and 980 cril.

During de-intercalation of lithium, see Figure 1@% peak at 993 cfand also the peak

at 145 crit appeared again. All in all the spectrum resemttiesspectrum of the phase
and therefore it can be said, that the phase tvemstion to theé phase is reversible.

In comparison to the commerciab®s powder there could not be observed any peak at a
Raman shift of 1005 cthwithin thed phase formation.
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Figure 1061n situ Raman spectrum, lithium intercalation intgQ¢ nanowires electrode (separator
preparation technique), laser power: 1 %, exposue 60 - 180 s, Raman shift range: 90 — 1100,d8s
range: C/4, voltage limit: 2.8 V (vs. Li/l)i, waterfall stacked, showing the loss of intensitshin the first

discharge measurement from 3.3 Vto 3.0 V
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5 Conclusions

The non aqueous aluminium battery with the iomgaill [(EMIm)CI] including AICk as
electrolyte as well as the aqueous aluminium batteéth an aqueous AlGlsolution as
electrolyte and a Tipworking electrode showed challenges, due to detstricorrosion
processes, which could not be overcome within tetgime of this project. Efforts of
changing the current collectors and the active naseunfortunately did not lead to
success. Solid state NMR measurements of the cyl®egd nanowires working electrode
within a non aqueous aluminium battery were un#tertaTheir results were difficult to
interpret and did not bring significant informatiahout the aluminium intercalation.

In situ Raman measurements were successfully undertakéhiofm batteries including
Graphite, TiQ and \LOs as working electrodes. Either the commercigDypowder as
well as the self-made XDs nanowires, which were produced via a hydrothemmethod
and characterised by XRD and SEM pictures, showatelectrochemical behavioun
situ Raman spectra of TisO;, did not show any peak changes within lithiation or
delithiation although the electrochemistry workedperly.

With the help of a special designed two electrooesitu Raman cell and a new
established electrode preparation technique wéenta lot of spectra during the lithium
intercalation as well as the de-intercalation #filim with a good signal to noise ratio. It
was possible to distinguish between the differes®\phases and to observe the shifting
of the peaks. The significant peak split at a Rarshift of about 993 cih could be
clearly observed.

The spectra of the XDs nanowires favour the spectra of thin filmQ4 layers, produced
by atomic layer deposition (ALD) [62], rather théme bulk \,Os, showing that the

nanoscale has an effect on the course of lithiwgariion into \4Os.
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6 Further Work

In situ Raman measurements are a powerful tool to inastithe relationship between
the structure and electrochemistry of electrodegsses. A significant improvement of
Raman spectroscopy and a wider application of teshnique will be gained by
systematically combination of an experimental apphowith appropriate lattice dynamic
simulations. This includes the development of #&aheoretical analysis and a relevant
interpretation of the measures Raman bands. [61]

To improve the aluminium ion battery it is necegdar investigate a new system in the
best case including an aqueous electrolyte, wiideds aggressive to metals and hence
to the current collectors. This would cause lessosion processes and therefore a

functional battery could hopefully be developed.
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