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ABSTRACT

Environmental concerns, limitation of resources &mel guarantee of prospective energy
supply are among the main issues that currenthaatigreat public attention. Therefore,
technological improvements in rechargeable eleb&otcal power sources are driven by an
ever-increasing demand of energy associated wiphd raopulation growth. Lithium-ion
battery technology has become very attractive anthe technology of choice for most of
todays portable devices, such as laptops, dig#talectas and cell phones. Furthermore, they
attract great attention as power source for ekeatehicle applications due to high energy
density, high power density as well as prolongéel fime. Nevertheless, state of the art
lithium-ion batteries do not have sufficient enedgnsity to compete with the performance of
internal combustion engines. Approaches to enhtdreenergy density of these batteries are,
among others, the development of high voltage cshoaterials and high capacity anode
materials. Moreover, the refinement of the celligiesfocussing on reducing weight of the
battery, is a potential approach to further inceg® energy density of the final device.

This doctoral thesis deals with two topics: (i) thgorovement of the battery cell design to
enhance the capacity of the cathode and/or reduzewnkight of the battery and (ii) the

development of high capacity silicon/graphite cosimanode materials.
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KURZFASSUNG

Klimawandel, Ressourcenknappheit und Sicherstelldeg zukinftigen Energieversorgung
zahlen zu den zentralen Themen, die vermehrt inmBrenkt der Offentlichkeit stehen. Auf
Grund des rapiden Bevoélkerungswachstums strebt raas, technologischer Sicht, unter
anderem eine Verbesserung von wiederaufladbarddratbemischen Energiequellen an.
Lithium-lonen Batterien dienen bereits als Energedlg flir die meisten portablen Gerate wie
Laptops, Digitalkameras oder Handys, nichts destiz ist das Potential dieser Technologie
noch lange nicht ausgeschopft. Die Elektromobiliz@hlt zu einem zukunftstrachtigen
Anwendungsbereich, der den Marktanteil von Lithilonen Batterien zu weiterem
Wachstum verhelfen kann. Der Vorteil der Lithiummém Batterie gegentber anderen
Batterietechnologien liegt in der hohen EnergiewisolLeistungsdichte und der langen
Lebensdauer. Um aber auch nur annédhernd mit derbré&erungsmotor konkurrieren zu
konnen ist eine Verbesserung in Hinblick auf eine0bte Energiedichte von essentieller
Bedeutung. Zu den Konzepten zur Erhdhung der Eedigfite von Lithium-lonen Batterien
zahlen vor allem die Entwicklung von neuen Kathadaterialien die eine grof3ere Spannung
ermdglichen bzw. die Entwicklung von neuen Anodetemalien mit hoherer Kapazitat und
die Verbesserung bereits bekannter hochkapazitatimedenmaterialien. Zudem wird auch
eine Verbesserung des Zelldesigns zur ReduktiorVidesse der Einzelzelle angestrebt, um

eine erhohte Energiedichte der Batterie zu gewishele

In dieser Doktorarbeit werden zwei Ziele verfol@}:eine Verbesserung des Zelldesigns um
die Kapazitat der Kathode zu erhéhen bzw. das Gewider Zelle zu reduzieren und (ii) die
Entwicklung eines Silicium/Kohlenstoff Komposit al&nodenmaterial mit erhohter

Kapazitat.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) are a fast-growing heology being applied in portable
electronics such as cell phones and laptops, dtretolight weight and high power. Because
of environmental concerns, they are believed ta Ibeajor power source for future electrical
vehicle applications and energy storage [1] [2]amEples for applications of lithium-ion

batteries in dependence of their capacity as fanabf battery power are shown in figure 1.

Battery Power iy

5 Cylindrical 18650-Type Batteries -1 8

—-42—

i L -

Cormmunifies

T i flkae sty Fack

Vbl e e

Tatal Battery Capacity fwht

Figure 1: Lithium-ion battery application in dependence of the total battery capacity as function of tk battery power [125]

Global Lithium-lon Battery Market Revenue Forecast(Millions of U.S. Dollars)
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Figure 2: Global lithium-ion battery market revenue forecast (redrawn from [130])
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As mentioned before, lithium-ion batteries alreddyd wide usage in mobile electronic
products (e.g. cell phones or lap tops) and usagmis will fuel the bulk of sales growth
(figure 2). In automotive application, requiredtleats should store energies of 5-60 kWh for
electric cars and up to 100 kWh for electric by$¢g$4]. Therefore, it is necessary to reduce
the size, volume and cost of lithium-ion batteaes simultaneously, to improve their energy

density.

One approach is to look for new cathode and ancatermals with higher capacities, but there
is also a need to improve the battery cell desgmeaximize energy density [1] [2]. A
reduction of inactive components could be achiebgdincreasing the mass load of the
electrodes. In return there is the common pradbceeduce layer thickness to enhance cell
power density, which however comes at the experisenergy density, because of an
unfavourable mass ratio of active to inactive congmas [5]. However, the traditional
architecture of battery electrode materials on fregtal current collectors does not allow
higher mass loadings due to a few difficultiese litelamination of electrode material from
the flat current collector or electrolyte penetratthrough a thick electrode, which causes a
loss of energy efficiency [6]. These problems cdutdovercome by the development of a 3D
current collector. Examples of 3D current collestorclude nanotubes grown on metal foils

[7], porous conductive textiles [6], carbon and ah&dams [8] [9] and metal meshes [10].

This work focuses on the development of a 3D cuircetiector for the positive electrode in
lithium-ion batteries, based on a non-woven polynwdrich is plated with a thin layer of
nickel by chemical reduction followed by electrodsgpion of an aluminium layer from ionic
liquid. Alternatively, the non-woven polymer wasiadinised by physical vapour deposition.
Electrodes were produced with the metallised nomemngolymers and these electrodes were
electrochemically characterised in half cells. Finaelectrodes with 3D current collectors
were successfully implemented in full cells, whbath electrodes cathode as well as anode,

contained aluminium respectively copper plated wowen polymers.

On the other hand, synthesis of active materiatstiie negative electrode with higher
capacities, based on nano-silicon, coated by @éifftedecomposable polymers, was carried out
in the scope of this doctoral thesis. Electrodeghwihese active materials were
electrochemically characterised in half cells andnaprovement in cycleability, compared to

common silicon-graphite composite electrodes, cbeldbserved.
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2. ELECTROCHEMICAL SYSTEMS

2.1. HISTORY & GENERAL ASPECTS OF ELECTROCHEMISTRY

The electrochemical scientific community pays dtten to chemical reactions at the
solution/electrode interface, where an electrondier is involved. A battery is a chemical
device for the storage of electricity, since baterconvert chemical energy into electrical

energy.

The smallest conceivable unit of a battery is chtlee electrochemical cell. Depending on
desired voltage and capacity, a battery consists adrtain amount of these electrochemical
cells. Batteries could be classified into two brazdegories: (i) primary batteries, which

could be discharged just once and (ii) secondatteti@s, which may be recharged until the

secondary battery deteriorates and its storagecitgpades below a practical level [11].

The first battery was invented in 1800 by Alessandplta, which consisted of a stack of
galvanic cells, where each cell was composed ofdlgotrodes, one made of copper and the
other made of zinc. These electrodes were sepabgtedtextile, soaked in acidic solution
[12]. Another important step in development of aés was the invention of the Daniell cell
by John Daniell in 1836. It consisted of a coppessel, filled with copper sulphate solution,
where he immersed a gullet of an ox. This tubeaioatl a solution of sulphuric acid and a
vertical zinc rod. During discharge, this cell gaveoltage of 1.1 V, where the zinc electrode

was dissolved and copper was deposited at theymosiectrode [11].

In 1866 the French chemist George Lechlanche dpedl@ primary cell, which bears his
name. The Lechlanché cell was composed of a zohasmegative electrode and a carbon rod
as positive electrode, both immersed in a soludbmmmonium chloride. All components
were packed in a glass jar and this cell gave tagelof 1.5 V. A further advantage took
place in the 19 century, where the glass jar was replaced by a eéme, used as both,
container and electrode [11].
In battery science and technology major advances baen made in the 2@entury. The
invention of alkaline batteries significantly impexd the primary Lechlanche cell while
advances in materials technology and cell desigaluéonized the performance of lead-acid
batteries. Furthermore, several secondary batteaes been developed and commercialized,
including the nickel-metalhydride battery and til@ilim-ion battery [11].

Page | 3
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Every electrochemical cell consists of three magmponents [13]:

» Negative electrode or anodes oxidized during the electrochemical reactiongeg up

electrons to the external circuit

» Positive electrode or cathodés reduced during the electrochemical reactiongepts

electrons from the external circuit

» Electrolyte: ionic conductor; could be liquid (water or otheivents with dissolved
salts, acids or alkalis), solid or a gel-type podymThe electrolyte must not be
electrically conductive but should provide goodigotonductivity. Both electrodes are
usually isolated by a separator. The separator léstrenically insulating but

permeable for the electrolyte to ensure ionic catiity.

The operation principle of a battery should be destrated on the basis of the Leclanche cell

(figure 3).

During discharge, when the cell is connected t@xernal circuit, the electrons move from
the negative electrode (anode) to the positiven@mi). The anode, which consists of zinc in
this case, is oxidized by meaning that zinc will dssolved and donates electrons for the

reduction of MnQ. The cathode of this cell is made of graphite [13]

\'4‘,

Figure 3: Schematic representation of a Leclanchéed
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Negative electrode: Zn — 7zt + 2é [

Positive electrode: 2MnO+ 2H + 2é — 2 MnO(OH) [

Electrolyte: 4 + 2NH" + 2Cl — [Zn(NHs).Cl;] + 2H (1]
Zn + 2MnO+ 2 NHCl — [Zn(NHs),Cl] + 2 MnO(OH) [IV]

In principle, during recharge the current flowesersed. Oxidation takes place at the positive
electrode and reduction at the negative electrbde. to the definition that the anode is the
electrode, at which oxidation takes place and #ibade the one, where reduction occurs, the

positive electrode is now the anode and the negalectrode the cathode [13].

As mentioned before, the Leclanché cell is a pynizattery, which couldn't be recharged
again. Examples for rechargeable batteries (secprddteries) are the nickel-metal hydride
battery or the lithium-ion battery (LIB). The LIBilwbe discussed more in detail in chapter 3.

The standard potential of a cell is determinedHhgytype of active materials combined in the
cell. Whenever a reaction occurs, the Gibbs frex@n(AG [J mol']) of the system will be

changed, from which the potential will be deriva@jf

AG®° = —nFE®° (Eq. 1)

Fo.... Faraday constant §6500 C]
n.......... number of electrons involved
EC........ standard potential [V]

For spontaneous reactions the change in free enéligye negative 4G° < 0) and therefore

the standard electrode potential will be positiz®X 0).
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A fundamental mathematical expression for desagibthe voltage in correlation of

concentration for all cell reactions is the Nemgtiation [12]:

E=E°+% jp 1%

nF [Red] (Ea.2)

E°....... standard potential [V]

R Universal gas constant (8.314472 frkol]
Teeeienns temperature [K]

Forerno Faraday constant §6500 C]

() N concentration of oxidized species [md] L
Red.....concentration of reduced species [mMl L

The Nernst equation is only legal in reactions wuthmass transport and current flow.

Table 1: Standardpotential of some metals against NE (V) [14]

Electrode Electrode reaction E%V
Au Gold AU + 3é o Au +1,43
Ag Silver Ag® + é < Ag + 0,80
Cu Copper C/¥" + 2é & Cu +0,34
H  Hydrogen H + & < H 0
Pb Lead PF" + 2é « Pb -0,13
Sn Tin St + 2é & Sn -0,14
Ni  Nickel Ni** + 2é& o Ni - 0,25
Cd Cadmium C” + 2¢ « Cd -0,40
Fe Iron FE* + 2é & Fe -0,44
Zn Zinc Zn* + 2é o Zn -0,76
Ti  Titanium Ti* + 2& o Ti -1,63
Al Aluminium Al** + 3é o Al -1,66
Mg Magnesium Mg + 2é& < Mg - 2,37
Na Sodium Na” + &€ < Na -2,71
K  Potassium K' + & o K -2,93
Li  Lithium Li* + & o Li - 3,05

Some selected electrode reduction potentials ust@d@dard conditions are listed in table 1.
Each half cell reaction has a specific standaremi@l reported as the reduction potential vs.
the normal hydrogen electrode (NHE). The standatériial of the NHE is arbitrary set to

Zero.
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The standard potential of a cell could be calcdldtem the standard electrode potentials

using following equation [12]:

Eo(cell) = E°cathode) — Eo(anode) (Eq. 3)

If the current in anodic and cathodic directiordguial (net current is zero), the galvanic cell is
in equilibrium. In that case the electrode potdst@n be evaluated according to the Nernst
equation (eq. 2). The current related to an eddetiarea is called current density or exchange

current densitygj[A cm?] [15].

When a system is charged with current, a shifthie potential of the single half-cell is

measured, called over-potentig]16]:

A€ (reary = Agy — Xlnl (Eq. 4)

A system in nonequilibrium conditions, such as entrflow resulting from electrode
polarization (overvoltage), shows an exponentitdtien between the applied overpotential

and the current that passes through the circuitande described by the Tafel equation [12],
[15]:

__RT Ini RT 10 . Ea. 5
n= —lnj, - —logj (Eq. 5)
Meeennn overpotential [V]
[T current density [A cfij
JOreeeeeens exchange current density [A ¢m
[ P transfer coefficient
IR Drop
i "": End of Life
Ohmic (Concentration
1 Polarization (IR) Polarization)
: A !
B Activation :
= Polarization Higher Rate
Discharge

Discharge =

Figure 4: Discharge characteristic of battery [17]
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A typical discharge characteristic of a batterghewn in figure 4. The shape of such a curve
results from the various resistances, which ocsw gesult of different overpotentials.
The sum of the overpotentials of a system shouldedye as low as possible and one can

distinguish between different types, dependinghair torigin:

(1) Charge-transfer overpotential

This type of overpotential is caused by a limitatan the velocity of charge transfer through
the electrode/electrolyte interface. It dependghenreacting substances, the electrolyte and
the characteristics of the electrode. The curresrisily at an electrode in terms of the

overpotential can be described by the Butler-Voleggration [16]:

, , (1-a)Fn (—aF)]
= ex —ex Eq. 6
] ]0[ | p— P—F% (Eq. 6)
[ exchange current density [A€m
Meverrennns overpotential [V]
Oeverennnns transfer coefficient

(2) Diffusion overpotential

In the case of an impoverishment of electro-acipecies at the electrode surface (Nernst
diffusion layer) the reaction kinetics is only detened by diffusion processes through this
region. The diffusion overpotential that occurs denexpressed by the following formula

[16]:

(EAQ).

RT Jo
NaifrpH 2F Jimit)

JOreereeeeeennannns exchange current density [Agm
ity eeeenene- maximum current density [A &n

(3) Reaction overpotential

This type of overpotential occurs, when adsorptiand desorption processes are the speed

limiting factors [16].
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(4) Crystallization overpotential

The crystallisation is an elementary step in theraWV electrode reaction. Crystallisation
overpotential is caused by surface diffusion of ab@m, which is adsorbed onto the surface,

and the incorporation into the crystal lattice [18]

2.2. IMPORTANT FEATURES OF A BATTERY

For characterisation and comparison of differenttdop systems some important key
parameters have to be defined.

Theopen circuit voltage (OCV)is the potential of a working electrode relatigeatcounter-
or reference electrode, when no current is apgiethe cell or the voltage released in a
battery at zero net current flow. Therminal voltage U between two electrodes is measured
during charging and discharging of the cell [18}eTterminal voltage of a cell is fixed by the
active materials used in the battery and dependbeoso called cell chemistry.

Thecycle life of a secondary cell is another important paranfetedescribing a rechargeable
battery. It indicates the achievable number of gimgr and discharging cycles until a lower
limit of the capacity of the battery is reached.

The capacity is described as the amount of electric charge,dbald be stored or delivered
by a battery and is quoted in Ah.

The resulting diagram of the application of therteral voltage U as function of the discharge
current is calleccurrent-voltage characteristic. The electric power P [W] or the power
density [W L], delivered by a battery at a given time can bleutated by the following
formula [16]:

P=1xU (Eq. 8)

The energy [m? kg s? or theenergy density[Wh L] can be calculated according to the

following equation:

W= [2U(t)*I(t) = dt (Eq. 9)
t1
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Generally, the required charge (&9 to load a secondary cell is always higher thas th
charge (Qschargg, Which could be delivered during discharging bagtery. Thecoulometric
efficiency of a secondary battery can be explained by parasitie reactions like SEI
formation and irreversible lithium-ion trapping. h& energy efficiency depends on a few
parameters like the applied current density, teatpee, thickness and porosity of the

separator and conversion of electric energy inai [5].

. . Qai
Coulometric efficiency: Qup = —charge (Eq. 10)
Qcharge
. . i _ Udischarge
Energy efficiency: qwn = qan * Vorarne (Eq. 11)
charge

Udischarge/charge: -+« average terminal voltages during discharg charge

Usually, the coulometric efficiency is higher thdre energy efficiency. The reason for this
phenomenon is the fact that the discharge voltageimally lower than the charge voltage,
due to the internal resistance and overpotent@l [1

Another important criterion for the assessment obadtery system is the&lischarge
characteristic. Such a curve can be obtained by plotting the itehhwoltage against the
discharge capacity (figure 5). For velocity of afiag and discharging the c-rate is defined by
the charge- and discharge current and the nomapeaty of the accumulator [16]:

discharge current
C = - - (Eq. 12)
nominal capacity

The obtainable capacity of a battery depends omrtag¢e during discharging. The higher the
c- rate, the lower is the achievable capacity (&gb) [16].
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Discharge

36 - rate
cHo
cl5

Voltage, V

2.0 : ' '
0.0 0.5 1.0 1.5 2.0 25

Capacity, A-hr

Figure 5: Discharge characteristic of a LIB with different c-rates [19]

The resulting chart after plotting energy densitsh[kg'] vs. power density [W K§ is called
Ragone plot(figure 6). It is used to compare the charactesstf different energy storage
devices. It shows that capacitors can deliver vegi power density accompanied by a low
energy storage capacity, whereas fuel cells are tab$tore large amounts of energy but with
a relatively low power output. Combustion enginesnbine both properties: high energy
density and high power density [20].

10.000

1.000

100

10

Gravimetric energy density [Wh kg']

10 100 1.000 10.000
Power density [Wkg™]

Figure 6: Ragone plot with current and next-generabn energy storage technologies [21]
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2.3. DEPOSITION OF METALS

Metal coatings of surfaces are of major technoklgend economic importance. Surface
finishing processes are used in many fields likechmaical engineering, aircraft and
spacecraft or automotive and medical technologyncional coatings can modify the
properties of different surfaces, for example theardness, ductility and chemical or
corrosion resistance. The protection against cmmngsvear and tear of surfaces is of special

importance [22].

There are several methods available for achievimgaimcoatings on substrates, like the
reduction of metal ions from electrolytes througkctochemical or chemical reduction,
metal deposition from the gas phase (physical @nibal vapour deposition) or coatings

from melts of the desired metal (hot dipping) [23].

Deposition of metals refers to a continuous growtha metallic film on a substrate by
reduction of metal ions from a solution, containthg desired metal ions (electrolyte). The
reduction of metal ions can be achieved eitherhmmdcal or by electrochemical reduction.
Aqueous solvents are often used for the depositianetal ions, however, metals with a very
negative standard potential (electrochemical sgiabte ) couldn't be reduced from aqueous
solution due to water decomposition. In this caselten salts, ionic liquids or organic

solutions can be used as electrolytes [24].

2.3.1. Electroless deposition of metals

Electroless metal deposition is a tool for makingfaces (e.g. insulating polymers)
conductive. Autocatalytic metal deposition bathyehahe capacity to reduce metal ions
without an external supply of electrons. Usuallglsa plating bath comprises of a solution of
the desired metal ions, a reducing agent, capableduce these metal ions, a complexing

agent for the metal ions and a pH regulator [25].

To achieve a well adherent metal layer on a nomtgotive surface, this surface has to be
pretreated with an etching- and an activating smuto form crystallisation nuclei on the
substrate (e.g. an acidic solution of PJ(25]:

HCI, H,0, SnC} .
PdChL + SNnC} —— R&n(OH)}, *CI" + SnO(OH)
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Two half reactions are taking place during eleesssl metal deposition: first, the reducing
agent is going to lose electrons and is being el whereas the metal ions receive these

electrons and therefore will be reduced on theaserbf the substrate [26].

Oxidation Rn — R™ + ze [V]
Reduction Mé + zé — Me V1]
Rh + Mé" — R"™ + Me [VII]

2.3.2. Electrodeposition of metals

Electrodeposition or electroplating refers to acess, where metal ions are reduced on a
substrate, which works as electrode and is thexefonnected to an external power source.
Either an inert electrode like platinum is usedgeventhe oxidation reaction takes place, or a
sacrificial anode is used as source for metal isrtsch consists of the metal to be plated.
Both electrodes, anode and cathode, are immersed ielectrolyte and when a current is
applied, the anode works as source for electrodfoametal ions and is oxidized, whereas
the metal ions receive electrons at the surfadbetathode (substrate to be coated) and are
deposited there [24].

An important theory for calculating the amount ofetal, which is deposited during
electrolysis or the calculation of the time of éfelysis to achieve a desired thickness is the
Faraday's law [24]. It correlates the total cha@gfC], passed through a cell to the amount of
product [12]:

Q =nFN (Eq. 13)
0A
m= — Eq. 14
= (Eq. 14)
(© N net charge passed through the cir@jit [
Neveeeernnns number of transferred electrons
Noerrereen Avogadro constant
[ Faraday constan©96500 C mot
Moo deposited mass of metal [g]
A atomic weight of the metal [g il
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Faraday's first law of electrolysis says, that thenges of the mass of a substance at an
electrode during electrolysis is direct proportiot@a the quantity of electricity transferred
through the electrode. The second law says, thraa fgiven electric charge the mass of an
elemental material altered at an electrode is tyrquroportional to its equivalent weight
(eq. 14) [27].

Without an applied external current, equilibriuntvieeen the electrode and its metal ions is

prevailing and the resulting current is equal ®elxchange current density |
Me < M& + zé

An applied external current will disturb this edgjrilum, resulting in acceleration or hindrance
of the reaction. The current density [A éhregulates the rate of the deposition process. At
thermodynamic equilibrium, the current density @ésazand the associated electrode potential
is called equilibrium potential & of this process. This potential is directly linkéal the
activity of the electro-active species in solutemd can be described by the Nernst equation
(eq. 2). To deposit a metal at a finite rate, mésessary to polarize the electrode potential in
negative (cathodic) direction. Therefore, the reidmcprocesses will be accelerated, whereas
a more positive polarization of the anode will speg anodic processes (oxidation). The
value of these potential shifts is called over-ptigén (eq. 4). The over-potential, that has to
be applied, depends on the metal and has a signifiofluence on the microstructure and
morphology of the deposits. Metals with high exad®iurrent density values correspond to
low over-potentials and vice versa [24].

Usually it is assumed, that the current densityngorm across the surface. However, at
substrates with complex geometries metal deposé#iaiges and corners is highly preferred

due to an inhomogeneous current distribution, dddlene effect (figure 7) [24].
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Figure 7: Schematic representation of the bone eftein following inhomogeneous current distribution[28]

In most practical processes side reactions mayrataing electroplating in order to consume
current (charge). Examples for these side reactmadydrogen evolution as result of water
decomposition, co-deposition of another metal,iplaréduction of metal ions or reduction of
surface oxide layers.

When side reactions proceed, the determinatiorh@fcurrent efficiency [%] is of interest.
The current efficiency is defined as the ratio loé fartial current of the metal deposition

process and the overall current [24].

For practical determination of the current effidgnthe mass of the substrate will be
determined before and after metal deposition amedctinrrent efficiency can be calculated
according to Faraday's law (eq. 14). In additiorctorent density and electrode potential
many parameters like temperature of the electrplgté value, substrate, concentration of
electro-active ions or parasitic processes like ewatecomposition may influence

electroplating processes, microstructure and madogjycof the deposit [24].

The electrodeposition of metals occurs betweernnteephase of the electrode surface and the
electrolyte solution, a region with finite thicksescalled double layer. In general, charge
separation occurs within this region as result iffecent charged species; on one hand,
electrons in the solid state of the electrode amdhe other hand ions in the solution. The
simplest model assumes that counter ions bind reletically to a charged surface and
neutralize the surface charges. This model waslogee by Helmholtz and is therefore
calledHelmholtz double layer.
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Here, the electric potential falls from the surfasdue to zero in the bulk solution over the
thickness of the layer of counter ions [29]. A hat development of this model was made by
Gouy and Chapman They assumed that ions are subject of thermalemewt and would
not be immobilized in a rigid layer on the elecemlrface. They suggest that the ions which
neutralize the surface charge are bound in a miditesé double layer, than mentioned by
Helmholtz. According to this theory, the surfacetgoial falls more slowly to the bulk
solution, describing an exponential function. Thedel of Sterncombines these two models
and suggested a model, where ions are bound osutfece to neutralize parts of the charge
(Helmholtz layer) but the remaining charge wouldnseitralized by ions in a diffuse layer
extended to the solution (figure 8) [30].

o
-

electrode surface ¢ surface potential ¢

+++++++++

distance from surface 1

Figure 8: Stern model of the electric double layef30]
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2.3.3. Aluminium electrodeposition from non-agueous solutns

Electrodeposition from conventional agueous soh#tis not possible for all metals, due to
the evolution of hydrogen gas during electrolysnsl dhe narrow electrochemical stability
window. Aluminium is an example for a metal, whican't be deposited from aqueous
solution because of the rather negative standatenpal (electrochemical series, table 1,
figure 9). Therefore, the electrolytes must be api@3] [31].

SHE (H"/H_/H,SO,)

AI/AI** H_O-decomposition

|

f T T T T T T T T
-2,0 -1,5 -1,0 -0,5 0,0

Potential/V vs. Izi’H+

T T T T 1
0,5 1,0 15 2,0

Figure 9: Some standard potentials of metal ions ahwater decomposition vs. NHE

The electrolyte for Al electrodeposition has tdifid few requirements [23]:

» The solvent should act as Lewis base and the sshdeld act as Lewis acid, so that
co-ordination and dissolution of the solute caretplace.

» The solute should be highly soluble in the solvand a stable complex must be
formed in the plating bath. The co-ordination cesitof the solute should be weak
enough that Al could be released during electropiat

» The solvent should exhibit a wide electrochemicaldow to prevent decomposition
of the solvent during Al deposition.

» The formed Al complex must release aluminium atssInegative potential than that

of possible electrode reactions involving the sotve

The first developed aluminium plating bath, whiclrieed on industrial scale was the so
called NBS-bath (National Bureau of Standardsjottsists of dissolved AlIgLiH or LiAIH 4

in diethyl ether. Due to a few drawbacks like tloev Iboiling point, volatility and low
flashpoint of the solvent, diethyl ether was displd by THF (tetrahydrofuran). Furthermore,
AICI3; was added for improvement of the plating bath (REp#ocess) [23] [32].
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Electrodeposition of Al is also possible from sdlexh bromide baths (AlBr+ MBr and
R4NBr in aromatic solvents) and from organoaluminigcompounds dissolved in toluene
(AlEt3 + Al(i-Bu)s/KF) called the “SIGAL-process” (Siemens galvanoaiium) [23] [33].

Since the discovering of room temperature ioniaitlg (RTIL), this class of electrolytes have
become very important for aluminium electroplatininic liquids are salts having
comparative low melting points, resulting in a lidjaggregate state at room temperature. The
first generation of ionic liquids are based on A|®laving a hygroscopic nature, so they have
to be prepared and handled under an inert-gas ptracs The most important IL for
electrodeposition of aluminium is EMImCI*1.5 AIl{I (1-ethyl-3-methyl-imidazolium
chloride). Beside this a variety of ILs were deyad and implemented for aluminium plating
[31] [34].

The greatest advantages of ionic liquids are [31]:

non-volatility and inflammability
good solubility for both organic and inorganic caapds

high thermal stability

YV V V VY

wide electrochemical stability window
But ionic liquids have also a few drawbacks:

> low conductivity and high viscosity compared to egus electrolytes

> expensive

Depending on the ratios of Al€ldissolved in EMIMCI three different melts can be
distinguished: acidic ionic liquids with more th&8 mol% AICE, basic melts with less than
50 mol% AICk and neutral ones with a molar ratio of 1 for EMIMAICI 3. The only
reducible aluminium species within the electroclehpotential window is ACI;’, which
occurs only in acidic melt. Therefore, electrodefpms of aluminium is carried out in melts
with a ratio of more than 50 mol% AIKJI35]:

4ALCl;, + 3e « Al + 7 AICY
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3. LITHIUM-ION-BATTERIES

One of the most important challenges of moderntelelemistry is the development of
advanced rechargeable Li-ion batteries. These rlesttesshow a great promise as power
sources that can lead to the electric vehicle (Evlution. Due to their high energy density
and enhanced rate capability they power most adyt@portable devices and seems to have
the best properties for more demanding applicatisnsh as EV (see also the Ragone plot —

figure 6).

Table 2: Advantages and disadvantages of LIBs compatido other rechargeable battery systems [36]

Advantages of LIBs \ Disadvantages of LE3

- high energy - high charging times

- lightest weight - thermal runaway concerns

- good cycle life - expensive

- no memory effect - prevention of overcharge and over discharge
- high energy efficiency - limited resources of cobalt

- good high rate capability

The working principle of a rechargeable lithium-ibattery is based on the movement of
lithium ions through the electrolyte and electrém®ugh the outer electrical circuit. The ions
move from the negative electrode (anode) to théipeslectrode (cathode) during discharge,
and back while charging. Since the metallic lithimode was displaced by intercalation
materials for safety reasons the working mechamssaften related to that of a rocking chair,
because the lithium ions swing between negative @ogitive electrode through a liquid
organic electrolyte. In the 1970s, Whittingham waes first who proposed the “rocking chair
concept” when he discovered the principle of thtergalation reaction. The first, who
patented LiCo®@as intercalation cathode was Goodenough in 1980lkeda of Sanyo was
the first to patent an intercalation material, sashgraphite, in an organic solvent in 1981.
The success story of lithium-ion cells began with tommercial production in 1991 by Sony.
During the last 20 years LIBs replaced many otloenrmmercial battery systems and dominated
the market by powering modern portable electrof8®&. The electric vehicle revolution
strongly depends on the development of new gewerdtiBs that can meet the new
challenges like higher energy density, prolongedeciife and sufficient safety features.
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However, state-of-the-art LIBs with a specific eneof ~200 Wh ki can't compete with the
performance of internal combustion engines (Raguat figure 6), which makes a further

development of different compounds of Li-ion badgemecessary [1] [37] [38].

Three main options for electric vehicle operatioithwassociated properties of the battery

system are listed in table 3.

Table 3: Characterisation of the main three types oEVs in terms of performance and battery propertied4] [37]

Battery E Weight Distance
! nergy
. capacity : of Speed on one

Modes of operation density 1
needed [Wh kg battery [km h™] charge
[kwh] [ka] [km]

,/: g — Battery
PetralEnglnel v g
A7 40-50 60
N <3 100+ 15

(Ni-MH)  (Ni-MH)

90-100 60-200
5.6-18 - o 100+ 10-60
(Li-ion) (Li-ion)

Lightweighting—
Materials

Plug in Hybric

90-100 450
35-57 - . >100 150-200
(Li-ion) (Li-ion)

Full EV

3.1. PRINCIPLE BEHIND LITHIUM-ION BATTERIES

The main components of a typical lithium-ion cele a negative electrode (anode) and a
positive electrode (cathode), which are separatgdalporous polymer (separator). The
separator is soaked in an electrolyte, which uguahsists of LiPE dissolved in a mixture

of organic solvents such as ethylene carbonate @@ diethyl carbonate (DEC).
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The anode is usually composed of a thin layer efdeyed graphite, coated on a copper foll,
although there are several other active materalshie negative electrode available (e.g. soft
carbons, hard carbons, LTO, etc.). Possible actiegerials for the cathode are LiCHO
LiFePQ, LiMn,O4 and many more, coated on aluminium foil [36] (figd0).

= g /A\ == e e
=y |+
=
=
Li E
=5
E
LT g
g
2
=
! ]
Li E
g
L
Li]
negative electrode Separator positive electrode
(e.g. graphite) (e.g. LiCo0,)

Figure 10: Schematic representation of a lithium-ia battery

Both electrode materials have the ability to indate and deintercalate lithium ions

reversibly. During discharge, electrons pass froenanode to the cathode through an external
electric circuit. Lithium ions are extracted froinet negative electrode, move through the
electrolyte and intercalate in the lattice of tlahode material. The reverse happens during
charging, in which lithium ions deintercalate frahe positive electrode and get intercalated

into the negative electrode [36] [39].
The positive electrode half-reaction can be reprieseas:
LiCoO, <« LiixCoO, + xLi' + xé
The negative electrode half reaction (in the cdggaphite) is:
xLi* + xé + 6C < LikCs
The overall reaction can be represented as:

LICoO, + 6C « LiixC0O, + LikCs
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After assembling, a lithium-ion battery is alwagstie discharged state and therefore it has to

be charged before it can be used.

For the successful implementation in LIBs, an a&ctivaterial has to fulfil several criteria. The

mentioned points below are valid for materialstfa cathode as well as for the anode [40]:

» For maximization of the cell capacity, the lithiumsertion compound should allow
insertion/extraction of a large amount of lithiuams. A combination of high capacity
and cell voltage can maximize the energy densityicivis given by the product of
capacity and voltage.

» The host material should have good conductivitydi@ctrons as well as for lithium-
ions to minimize polarization losses during the rgeélischarge process and to
support a high current density and power density.

> In case of a cathode material, the transition met&], in the insertion compound
LixMyX, should have a high oxidation state for a highidith chemical potential
(maximization of the cell voltage). If used as amaithe transition metal should have a
low oxidation state (low lithium chemical potenjial

» To provide a good cycle life for the cell, the irism compound should have good
structural stability in order to keep the structurahanges during the
insertion/extraction process to a minimum. Theidith insertion/extraction process
should also be reversible.

» The host material should be chemically and eleb&odcally stable over the entire
range of lithium insertion and extraction. It shibalso be inexpensive, environmental

benign and lightweight.

For achieving a reasonable energy density, anodeatmode materials should be chosen in
order to maintain a cell voltage of more than 3Werefore, to maximize the cell voltage, the
anode and cathode insertion materials should hasdowest and highest voltages versus
metallic lithium, respectively [40]. Figure 11 pides an overview of possible electrode
materials and the operating potential of these maddeis plotted versus the theoretical

capacity.
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Aptive materials for cathode

H3VH, H4V” and H5V1I
materials see tab. 4

B R e i sl e i s e s e
Active materials for anode

Li metal % :

0 250 500 750 1000 1250 1500 1750 3000 4000
. -1
Capacity/ Ah kg

Potential vs. LifLi"

Metal oxide {displacement-type)

B Li, Tis0,

5ifC - composites

Figure 11: Comparison of the energy densities of fierent active materials for cathodes and anodes ihIBs [41]

3.2.MATERIALS FOR THE CATHODE

Cathode materials could be assigned to three pgessilbegories according to their insertion

mechanism (figure 12) [42]:

» 1 D (olivine type materials)
» 2 D (layered materials)

» 3 D (spinel materials)

Most cathode materials used in lithium-ion batteréee layered materials, which enables a
two-dimensional diffusion of lithium ions. Threentensional diffusion is allowed by spinel
materials. They have the advantage that they are stable and that lithium-ion diffusion is
clearly faster in the 3D framework compared to th@-dimensional cathode materials
(figure 12).
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1 D insertion material 2 D insertion material 3 D insertion material
(olivine type, e.g. LiNbSe) (layered materials, e.g. LiCgD (spinel materials, e.g. LiMD,)

Figure 12: Different types of insertion materials br the positive electrode of lithium-ion batterieq43]

A further possibility for dividing cathode matesals according to their working potential
range:

Table 4: Overview over possible active materials fothe positive electrode [43]

XLioMnO3/(1-x LIMO») layered composite

) 5 (M =Mn, Ni, Co, Cr) mixed insertion-/displacement type

>~ Volt LIMNPQy,, LICOPQy 3D olivine-type, insertion-type
LioMyMn,xOg (M = Fe, Co) 3D spinel, insertion-type
LiCoO;, 2D layered, insertion-type
LiNiO» 2D layered, insertion-type

“4 —Volt” LiMn 204 3D spinel, insertion-type
LiNi 9.33MNg 33C0p 340, 2D layered, insertion-type
LiFePQ, 3D olivine, insertion-type
V205 2D layered, insertion-type

“3 - Volt” _ _ _
MnO, 3D composites, insertion-type

Subsequently, the most common active materialthfocathode should be discussed briefly.
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3.2.1. Layered oxide cathode

One of he most dominant cathode mates at this time is LiCog) although there is limite
availability of cobalt. Goodenough recognized tlageked structure of LiCc, and that
lithium ions could be removed electrochemicallyaimeversible manneThe oxygen atoms
are arranged in a clog&cked cubi structureand when lithium ions are removed, the oxy

layers rearrange themselves to give hexagonal plasldng in Co(.

The theoretical capacity of LiCc, is 274 mAh &, but practically this capacity could not
achieveddue to irreversible struural changes of the material. Therefore, the-off voltage
is limited to 4.2 V vs. Li/L to give a capacity of about 135 mAH.grhe advantages of
LiCoO; as active material for the cathode are good cydiagility, high energy density ai
low self dscharge. The disadvantages are safety i (oxygen releas, costs and low
abundance of cobalt [41] [4834].

current/ mA

“1(b)

T T T T T T T T T
32 33 34 35 36 37 38 39 40 41 42

potential / V' vs. LilLi"

Figure 13: Two-dimenrsional crystal structure of LiCoO, (a) [45], cyclic voltammogram of a LiCoC, electrode (b) and
SEM image of LiCoO, powder (c)

It's possible to replace cobalt by other transitoetals to form a layered structure
LiNi 1/3Mn1/3C0130,. This material haalmost the same theoreticadpacityas LiCoQ and
can be charged to 4.54-6 V. Cobalt stabilizs the structure in a strictly tv-dimensional
fashion and the reason for addition of manganesedisction of costs. The advages of this
material compared to LiCc, are higher capacities, better overcharge resistdsatety
concerns) and lower cobalt content. Among the diszathges are the poor rate capability
the increasing nickel priqd1] [44].
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Figure 14: Cyclic voltammogram of a LiNiy;sMn,3C0/30; electrode (a) and SEM image of Lil,sMn 1,3C0,,50, powder (b)

3.2.2. Spinel oxide cathode

Spinel oxide cathodes are asmted with thre-dimensional host materials, which have c-

linked channelsallowing ion insertionThis structure has the advantage, thi-insertion of
bulky species, such as solvent molecules, couldveeded because of steric reas. It is
subgct to a smaller degree of expansion/contracturing lithium-ionstorage and extracti.

Manganese oxides are the most prominent 3D insemiterial for the catho(43].

LiMn ,O4 works reversible in the +4 ‘vs. Li/Li* potential range andould reach dimited

practical capacity of 120 mAh ™. At lower potentials (3 V range), Li\Os; undergoes
irreversible structural changes and exhibits ragaghacity fad¢ But even with a limitec
capacity, LiMnO, tend to be subject ofapacity fade in the 4 V region «elevated
temperatures (>40°Cpome disdvantages of this material are Jafeller distortion unde
non-equilibrium cycling conditions oithe dissolutionof manganese. These effe are
suggested to bsource of capacityade [40] [41] [43].

-50 -

Specific Current f mA g™

-100 -

150 . _ 4 SEM HV: 20.0 KV WD: 15.00 mm

- SEM MAG: 15.0 kx Det: SE

20 25 30 35 4.0 4.5 micro innovartion
Potential / V vs. LilLi*

Figure 15: Crystal structure of spinel oxide [45] (a), cyclic voltammogram of a LiMn,O, electrode [43] (b) and SEM
image of LiMn,O, powder (c)
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3.2.3. Oxide cathodes with polyanion

Among these fyes of cathode materials for Ls, LiFePQ is a promising candidate.
crystallizes in the olivine structure and exhikatflat discharge voltage of around 3.7 vs.
Li/Li *. However, his material has several advantacompared to the previous descrit
cathode materials. dNoxygen releasoccurs during discharge, tloharge ci-off potential is
well below electrolyte oxidadh anc it shows excellent cycleand calendar lil. Additionally,
iron is inexpensive, notexic and environmentally benigrUnfortunately, it has als

disadvantages like itew conductivity, low cell voltage and loenergydensity[40] [41].

0,34 (b)

0,14
0,2

T T T T T T T
2,6 2,8 30 32 34 36 38 40

current/ mA

potential / V/ vs. Li/Li*

Figure 16: Crystal structure of LiFePO, (a) [45], cyclic voltammogram of a LiFePQ electrode (b) and SEM image o
the powder (c)

3.3.MATERIALS FOR THE NEGATIVE ELECTRODE

Due to its high energy density and low atomic weidithium metalis one of the most
suitable anodes$or lithium batterie. However, the dendic deposition of lithium during
cycling results in a continuously increasing anghly rec«ctive surface area of the lithiu
electrode. When the dendrites reach the positieetreld, safety problems occur, leading
internal shortircuit and cell failure. This problem could be s by implementation ¢
insertion compounds for the negatielectrode. Since these battsrieontain no metalli

lithium, they aranuch safer than lithium batteri[46].
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3.3.1. Carbon as insertion material for the negative elecbde

The most prominent material for the negative etetdrin LIBs is carbon in various
modifications. The mechanism behind lithium ingertinto graphite is well understood.
Carbon based anodes exhibit higher specific chaagdsnore negative redox potentials than
most metal oxides. They show better dimensionabilgta and therefore better cycling
performances compared to lithium alloys. Other ativges are the relatively low costs of
carbon, the excellent reversibility for lithium @rson and the formation of a protective

surface film with many electrolyte solutions [43p].

The reversible intercalation of lithium into carb@moceeds according to the following

reaction equation, where the maximum uptake iglidmam ion per six carbon atoms (L§C

Li,C, < xLi + xé + G

Within carbon materials, a distinction can be méedween graphitic and non-graphitic

carbons. Graphitic carbons possess a layered wteuaith disordered domains, where non-
graphitic carbons are highly disordered. Non-grigphcarbons are often produced by
pyrolysis of polymers or hydrocarbon precursoreatperatures below 1500°C. Among these
precursors two types can be distinguished: graghdgicarbons and non-graphitic carbons.
Graphitizing carbons, also called “soft carbon®8yelop the graphite structure during heat
processes above 1500°C. It has movable carborslayel at high temperatures, graphite-like
crystallites are formed. The other type of non-grp carbon is called “hard carbon”. Here,

the carbon layers are immobilized by crosslinkingl ahey are not able to develop the

graphitic structure even at very high temperat(uesto 3000°C) [43].

The intercalation of lithium ions between the graypd layers is a stepwise process, called
stage formation. This means that at low lithium ioconcentration a periodic array of

unoccupied layer gaps is formed stepwise. Thigribdynamic phenomenon is a compromise
between the energy required for expansion of thedex Waals gap between two graphene
layers and repelling forces between two guest spewith the same kind of charge. It was

found, that there are existing five stages (figLirg[43].
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Figure 17: Representation of stage formation during electroeemical intercalation of lithium into graphite [43]

In general, lithium intercalation into graphiteresversibl. Due to corrosion prosses and
formation of a protective film, called solid eledte intephase(SEIl, see section 3.€

lithium ions ardrreversible consumed during the first cha— step [43]47].
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Figure 18: Schematic representation of lithium intercalation into graphene layers (redrawn from [43]) (a), cyclic
voltammogram of a graphiteelectrode [48] (b) and SEM image of the powder (c)
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3.3.2. Lithium alloys as negative insertion electrode matgal

To obtain a noticeable improvement in the specdapacity of lithium-ion batteries,
carbonaceous anodes have to be replaced by anades ltapacity in the order of 1000-
1200 mAh ¢ It was found that the total cell capacity of &8Ldould be increased, until the
capacity of the anode reaches 1200 mAhThis is valid for batteries with the same cathode

material. After reaching this capacity the improesinbecomes negligible [49].

A class of promising anode materials are alloy asasince they exhibit high capacities and
good safety characteristics. Silicon and tin arevkm as the most promising elements, which
are able to undergo reversible lithium alloyingeyltan be lithiated up to a stoichiometry of
Li..Sn/Si with specific capacities of ~900 and ~4200hg# respectivel§37] [50] [51].

discharg

Li,M — xLi* + xé + M

chargt

A major drawback of lithium alloy anodes is theirge volume expansion of up to 300%
during lithiation. This mechanical stress leadsié&berioration of the integrity of the active
mass followed by tremendous capacity fade. Additiignsurface films are formed, which are
important for achieving passivation. But the voluex@ansion in every charge/discharge step
allows no maintenance of a stable passivation Jdyence irreversible charge consumption
proceeds with each cycle [37] [50] [51].

3.3.2.1. Silicon for lithium alloying

Due to its abundance and huge lithiation capa8itys considered to be the most promising
material for alloy anodes. The highest lithiatedagdh achievable is 4Sis with a
corresponding capacity of 4200 mAH.gHowever, Obravc et al. showed, that the highest
lithiated silicon phase at ambient temperature iigSiy with an achievable capacity of
3579 mAh @ [49] [52]. Beside this phase, a few other lithisiticon alloys are known,
which are listed in table 5. For practical use ib€@n anodes, the capacity must be limited
during cycling to avoid huge volume expansion, Wwhican't be accommodated by

conventional composite electrodes.
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Limiting the lithiation of amorphous silicon abo®® mV, the silicon remains amorphous,

whereas lithiation below 50 mV results in crystalion of the LisSiy phase [52].

Table 5: Properties of different lithiated silicon phases [49] [53]

Compound Crystal structure Spe[cr:ri]lx:hczpl?city Poter[1rtri]zi1/I]range Vqun;fOEne'r&gilicon
Silicon cubic 20.0

Li1,Si; (Li1.7:Si) orthorhombic 1636 332-288 58.0

Li 13Sig (Li2.17S1) rhombohedral 2227 288-158 51.5

Li13Siy (Liz 2850) orthorhombic 3101 158-44 67.3
Li5,Sis (Li4.4Si) cubic 4199 44-2 82.4

Silicon alloy anodes show high initial irreversild@pacities. The reasons are considered to be

the following [50]:

1. The large volume change during lithiation and dediion causes cracking and
pulverization of active material and leads to lo§sonductive pathways for lithium
ions. The consequence is disconnection from theecticollector and loss of active
material. This leads to a sharp rise of internadistance of the anode with
uncompleted delithiation reaction.

2. Due to the constant volume changes, the formatidhensolid electrolyte interphase
(SEI, section 3.6.) is a dynamic process, which madass of active material and
electrolyte during every cycle. Therefore it camiries to capacity fade during cycling.

3. The irreversible trapping of lithium ions due towlLi release kinetics or formation of

highly stable lithiated compounds may result iewersible capacity loss.

It was found, that nanostructured silicon could cmemodate the volume change during
lithiation in the best way. The choice of the rigfmder for electrode preparation is also of
great importance as well as the addition of anvaabir inactive host matrix to mitigate the
volume expansion [37b1]. Such a host matrix must be conductive foctts and lithium

ions, it should support the structural stabilitytbé whole electrode and it should help to

reduce the agglomeration of active particles ducyajing [50].
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1. Inactive host matrix

This type of composite comprises of active matenan electrochemically inert matrix like
Fe, Cu, A}Os, TiN or SIC. It is expected, that the additionawf inactive host matrix could
improve cycling stability and mechanical stabildf the alloy anode at a price of reduced
specific capacity. Another potential disadvantagthat the inactive matrix may block or slow
down lithium diffusion kinetics or electron trans{&0].

2. Active host matrix

Here, both the active particles and the host mairix able to become lithiated. A very
promising approach is the development of carbomdbasmposites. They can be prepared by
ball milling of silicon with graphite and/or carbdack or by pyrolysis of carbon precursors
[49]. Silicon-carbon composite active materialsibikhoetter cycling performance compared
to silicon without host matrix. This is attributedd the improved electronic and ionic
conductivity of carbon and the buffering effect cdrbon to accommodate the volume
expansion to ensure mechanical stability of thectedde. But the embedding of silicon

particles into a carbon host matrix comes at eepriaeduced specific capacity [50].

3.3.3. Other intercalation compounds for the anode

Beside graphite, a few other transition metal oxjgehosphides or chalcogenides have been
investigated as anode hosts. Typically, these ma&teshow rather low specific charges and
cell voltages, if combined with an oxidic positiekectrode. Among them, JTisO1, (LTO) is

the most important intercalation compound of thi®de types. The capacity of LTO is
around 150 — 160 mAh™gat a potential of 1.5 V vs. Li/Li Because of the low specific
capacity and high voltage vs. Li, this material ggsses a relatively low energy density
compared to graphite. However, LTO is very fast emald be charged and discharged at high
rates and there are no passivation phenomena asivateng films needed to ensure the
structural stability of this anode host materialh€ advantages of LTO are an excellent low
temperature performance and a very prolonged dieleThese properties open the door for
load-leveling lithium-ion battery technologies basm intercalation materials [37], [40], [43].
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Figure 19: Cyclic voltammogram of a Li;TisO;, electrode (a) and SEM image of the powder (

3.4.CURRENT COLLECTORS IN LITHIUM -ION BATTERIES

Traditionally, electrodeare composed offlat metal foil as currentollectol, which is loaded
with active materialthrough roll coatin methods.Due to its low price, good electr
conductivity and the ability to form a protectivagsive layer, luminium is the metal of
choice for high voltages (>3.5 V vs. Li"). The application of aluminium foil as curre
collector for the negative electrode is hinderedaose of the formation of -Al alloy at
potentials close t@® V vs. Li/Li*. Therefore, a copper fais established as current collec

for the negative electrode [2].

Especially, forthe application in electric vehicl it is necessary, to reduce cost, size
volume of lithiumion batteries and to increase the total gy stored in the battenThis
could be achieved through redun of inactive components in LIBs and increasedkimgss
of electrode coatingHowever, the traditional architecture of lithi-ion cells on flat currer
collectors does not allovan increasd mass loadingdue to a few difficultie, like
delamination of the coatedaterial or the difficulty of electrolyte penetiati through a thicl
electrode, which dramatically increases the cetladanc [5] [6].

This leads to the concept of th-dimensional battery architecture. Several examjaeshe
development of 3D current collectors can be foumditerature. Examples of 3D curre
collectors include the development of nanotubesfisrgrovn on metal current collecto[7],

porous metal or carbon foat[5] [54] or conductive textiles [6] (figure 20
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Figure 20: Forest of nanotubes grown on metal sheets (lei[55] and porous metal fam as current collector for LIBs
(right) [56]

The advantages of 3D current collectors over tiauhd 2D current collectors ¢ a reduced
demand of meta(sustainability), possibility of higher mass loagtn weight diminutio,
improved mechanical stabilitand better rate capabilityf the electrodedue to the higher
surface area, lmch means higher contact area betv active material and current collec

3.5.COMMON ELECTROLYTES

Apart from the various characteristics of the itisermaterials discussepreviously, several
other criteria are important in designing a lith-ion cell that can offer high performan
with long cycle life. The role of the electrolyte is to serve as a medfamion transfe
between a pair of electrodes.

In most cases the electrolyte is aution, which consists of salts dissolved in appropriate

organic (nonaqueous) solvdb].
An electrolyte should meet the following requirens[57]:

» good ionic conductivity but electronica insulating (to keep the stdischarge to a
minimum)

» wide electrochemical window (electrolyte decompositshould not occur within tF
range of the working potentials of the electro

» it should not react with other cell components Bleparators or ectrode substrat

» it should be robust against electrical, mecharocéhermal stress

» the components should be environmentfriendly
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Electrolytes for lithium-ion batteries can be (@jusions of one or more lithium salts in
mixtures of one or more organic solvents with ddfe properties, (b) solid polymer or gel
polymer electrolytes or (c) ionic liquids. Sinceganic solvents are commonly used in LIBs,
this type of electrolyte should be discussed heyeerm detail [57].

There are different demands on the electrolyteesdlfor application in LIBs, which can
hardly be met by just one component. Therefore pdune of different solvents and salts is
normally used [57]:

» The electrolyte solvent should be able to diss@aks in a sufficient concentration
(solvent with a high dielectric constait

» The viscosity should be low enough to ensure faciteransport.

» The solvent should be inert to all cell components.

» The boiling point should be high and the meltinghptow because the solvent should

remain liquid in a wide temperature range.

All these requirements can be met by the introductf ethers and esters as electrolyte
solvents. In general, linear carbonates possessrlowgcosities, lower boiling points and

lower dielectric constants compared to cyclic cadies. The most common electrolyte
solvents are depicted in table 6.
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Table 6: Organic electrolyte solvents for IBs and their properties [57]

Solvent

Structure

m.p. b.p. ¢ n[cPa]
[°C] °C] (20°C) (25°C)

Cyclic carbonates

Ethylene carbonate (EC)

Propylene cabronate (PC)

o)
[>=O 36 238 95 1.9
o
0
=0 54 242 65 2.5
0o

Linear carbonates

Dimethyl carbonate (DMC)

Diethyl carbonate (DEC)

Ethyl methyl carbonate (EMC)

0
- )J\ P 3 90 3.1 0.59
o)
o)
)j\ -43 127 2.8 0.75
/\O O/\
)
)J\ -55 107 2.9 0.65
7~

m.p....melting point, b.p....boiling point,.dielectric constant,...viscosity

Table 7: Common lithium salts for electrolytes in LIBs and some of their properties [57]

m. p. Tdecomposition o [mS lel (1 M, 25°C)
Salt Structure °C] °C] in EC/DMC
| WL
LiPFg P, 200 80 10.7
FILF
| o |
LiClO, o”gl‘o 236 > 100 8.4
. e
LiAsFg “AS 340 > 100 11.1
FLF
Pl
LiBF,4 e-Bp 293 > 100 4.9
F
m.p....melting pointg..... éonduct-ivity
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The use of possible lithium salts is limited thrbug few requirements. They should be
sufficiently soluble in the mixture of carbonatéisey must not react with the nonaqueous
solvents and they must not cause corrosion of otledir components, like separators or
metallic packing materials. The used lithium sah®uld help to form a protective layer on
the surface of the current collector, especially tbea cathode side. Table 7 lists some
examples of common lithium salts used as eleceslydmong these salts, LiP#s applied in

commercially available lithium-ion batteries dueit® oxidation resistance up to 5.1 V, its

ability to passivate aluminium current collectodats advantage to form a stable SEI [57].

3.6. ELECTRODE/ELECTROLYTE INTERFACES - SOLID ELECT ROLYTE
INTERPHASE (SEI)

It was found that a protective film is formed o thegative electrode of lithium-ion batteries
during the first charging through reductive decosipon of the electrolyte solution. When a
certain thickness is reached, this film protects #urface of the electrode from further
corrosion and the decomposition of electrolyte @ €lectrode’s surface is stopped. This
surface film is called “solid electrolyte interpledqSEI) and this phenomenon occurs not

only on lithium metal electrodes but also on nagglithium insertion electrodes [43] [58].

The composition of the SEI strongly depends onelleetrolyte used and not every organic
solvent is able to form stable, insoluble decomgmsiproducts. Some studies have shown
that the choice of an appropriate mixture of solseadditives and salts is critical to benefit
from the advantages of the SEI [59]. This layeowad lithium ion diffusion but blocks
electron transport or co-intercalation of solverdl@sules in between the graphite layers and
hinders the associated destruction of the negatitezcalation electrode. In literature, it is
suggested that the SEI layer consists of a mixtirseveral phases: an inner part with
inorganic compounds such asQ@j LiF or Li,COs; and an outer organic part, dominated by
semicarbonates, polyolefins, lithium alkyl carb@sat{R-OCQLi) and lithium alkoxides
(R-OLIi) [60] [61] [62] (figure 22). Ethylene carbate (EC) is considered to play an important
role during SEI formation. It is assumed that ECeduced during the first cycle within the
voltage range of 0.3 and 0.8 V vs. Li/Lat the graphite electrode leading to ethylene gas
evolution at the surface of the electrode acconguhhy LbCO; formation [47].
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Figure 21: Mechanism of electrochemically inducededuction of EC [63]

Figure 21 shows possible mechanisms, which areeprekiring SEI formation. Mechanism
() leads to formation of more gaseous productsmedominant generation of A3O; results

in a less stable SEI. The products of mechanishafd almost insoluble in the electrolyte and
here, less gaseous products are formed. Both mesamacompete with each other and they

are affected by the morphology and chemistry oplgite surface [63].

’— electrolyte

’— organic

@ lithium ion

@ solvent

Figure 22: Schematic drawing of different films foming on an anode in organic electrolytes (SEI) (recwn)

It is proposed that the SEI is neither ionic coritecnor electronic conductive and it is
believed, that the ionic conduction in the SEI mosgin from the movement of Liions
through the micro-pores of the SEI. Therefore,ampactness and stability of the SEI can be

determined through measurement of the ionic comdtycf64].
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Electrolyte additives can influence the qualitytted SEI and are able to significantly improve
the cycleability and cycle life of LIBs. Usuall\hg amount of an additive in the electrolyte is

not more than 5%. The purposes of electrolyte additare [63]:

enabling formation of solid electrolyte interphasethe surface of graphite
reduction of irreversible capacity and gas forntaaod long term-cycling
enhancement of the thermal stability of LiPF

YV V VYV V

protection of cathode material from dissolution avdrcharge

Most additives with the purpose of improving theality of the SEI have higher reductive

potentials than the electrolyte solvents. Duringcegbchemical reduction, the additives are
preferably reduced to form insoluble solid produmtsthe surface of the anode to deactivate
catalytic activity, leading to less gas formatiardaan increased stability of the SEI. These
additives can be divided in polymerisable monomansl reductive agents. The most
prominent SEI forming additive is polymerisableywene carbonate (VC). Figure 23 shows a

general equation of the mechanism of electrochdlyicaluced polymerization [63]:

Figure 23: General equation of the mechanism of eterochemically induced polymerization of polymerisdle
monomer additives

Generally, the morphology, thickness and compasitibthe SEI depend on the composition
of the electrolyte, type of electrode, temperatame applied current density. Because of its
remarkable importance for stability of the negaglectrode and consequently long cycle life,
many efforts have been made to investigate the SEI.

Fourier transform infrared spectroscopy (FTIR),ax-photoelectron spectroscopy (XPS),
mass spectroscopy (e.g. TOF-SIMS) or atomic foregascopy (AFM) are some available

techniques for studying composition and thickndsb® SEI layer [62] [65].
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Despite its great importance for the stability bé tnegative electrode, SEI formation is a
predominant source of lithium ion loss in LIBs [6@eside this, several degradation
mechanisms are known, which will adversely affée turability of lithium-ion batteries.
The various battery components can undergo difteaging mechanisms like decomposition
of binder and electrolyte, corrosion of currentlectior, structural disordering of the cathode
or separator melting. Ageing effects like self-tisge or impedance rise occur during
storage and will affect the calendar life, wherageing effects like mechanical degradation
or lithium metal plating may occur during use, whiwill affect the cycle life of the battery
[67] [68].

Especially carbonaceous anodes are susceptiblediergo a multitude of aging mechanisms
that negatively affect the electrochemical perfanoeaof LIBs (figure 24) [67]:

» Surface layer formation

SEI formation as well as formation of other passngasurface layers will contribute to the
irreversible loss of capacity during cycling. ltaensidered to be the main source of loss of

mobile lithium, increase in charge transfer resisteand cell impedance [67].
» Loss of lithium ions

Beside SEl-formation and irreversible lithium-iaagping in the host material, lithium-ion
loss is attributed to side reactions of lithium lwdecomposed electrolyte compounds and

traces of water in the electrolyte [67].
» Metallic lithium plating

Lithium plating on the surface of the anode willibgiated by several factors. For example it
is supported by a high content of EC in the elégteo Also, a high cathode capacity
compared to anode capacity promotes lithium platisgvell as low operating temperatures
(below -20°C) and high charge rates [67].

Page | 40



Theoretical Part Doctoral Thesis Sandra Potz

I Egm
o Donor solvent )

‘.5\ Graphite exfoliation, cracking
(gas formation, solvent co-intercalation)
ws’ Electrolyte decomposition and SEI formation
—_—e
= o "
SEI conversion, stabilization and growth
¥
o s— P
E. V SEI dissolution, precipitation
® ..

EE ~>§ Lithium plating and subsequent corrosion

Figure 24: Changes at the anode/electrolyte interte / aging mechanisms (redrawn from [68])

In conclusion, many factors are responsible for grofading, cell impedance and capacity
decay of batteries and these ageing mechanismsbeiticcelerated at high temperatures.
Material parameters and surface chemistry as veeltyaling and storage conditions are of
great importance for the performance and life toha lithium-ion battery [68] [69].
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4. EXPERIMENTAL

4.1. MEASUREMENT METHODS AND SETUPS

This section should give a brief overview over salvapplied electrochemical and analytical

techniques, used in this work for the charactaosatf prepared cell compounds.

> Electrochemical characterisation

The cyclic voltammetry experiments were performetth\& potentiostat/galvanostat (Biologic
MPG2) at 293 K and a scan rate of 30 iV Bhe long term cycling tests and rate capability
tests were performed with a MACCOR Series 400Cebatester at 293 K.

All half-cell electrochemical experiments were penfied in a 3 electrode Swagefek-cell
using metallic lithium as reference- and counteecebde (figure 25a) and full-cell
experiments were performed using pouch bag celigde§figure 25b). A non-woven
polypropylene separator (Freudenberg FS2226) wed tes separate the working electrode
from lithium counter- and reference electrode ina§eloll-T-cells and a monolayer
polypropylene membrane separator (Cel§a@#00) was used in pouch bag cells. As
electrolyte a mixture of ethylene carbonate (EQJ diethyl carbonate (DEC) (EC/DEC 3:7
v/v) with 1 M LiPR as conducting salt and 2 wt% vinylene carbond(®) (as additive was

used. All test cells were assembled in an argdedfiglove box.

separator

(@) (b) 4 l

reference electrode =

counter electrode \II working electrode

i

I Pl e

separator negative electrode positive electrode

=

Figure 25: Schematic drawing of a Swagelok-T-cell faand a pouch bag cell (b)
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The electrodeposition was performed using an AbteI&STAT 100 & 10 A Booster under
inert gas conditions. The deposits were obtainecraimg in current controlled
(galvanostatic) conditions at different temperagungsing pure aluminium rods (Goodfellow

99,999%) as counter and reference electrodes.

As substrates for electrodeposition, nickel platech-woven polymer with dimensions of
20 mm x 20 mm x 0.15 mm was used. The determinaifothe electrochemical stability
window of EMImCI*1.5 AICk was performed using a Biologic Potentiostat VMRrler
inert gas conditions at room temperature, usingsyl@arbon as working electrode (BAS Inc.
Tokyo, 6.0 mm x 3.0 mm) and platinum as referemaret counter electrode (BAS Inc. Tokyo,
6.0 mm x 1.6 mm) with a scan rate of 50 m¥ s

» Scanning electron microscopy (SEM)

Morphology analysis was performed using a TescagaV& scanning electron microscope

(SEM) equipped with an energy dispersive X-ray dete(Oxford Instruments INCAXx-act).

» Head space gas chromatography — mass spectron@@yMS) and Py-GC/MS

A Frontier Laboratory PY2020iD pyrolyser was difgattached to the injection port of a gas
chromatograph (GC, Agilent 7890 A) equipped witinetal capillary column and an Agilent
5975 C VLMSD mass spectrometer as detector. Helwas used as carrier gas. For
identification of the decomposition products, theSMsystem was utilised in electron
ionisation mode at 70 eV. The mass scan range etdsesveemm/z15 and 300. About 10 pL
of the electrolyte for aluminium deposition was gad in a small sample cup and then
inserted into the heated centre of the pyrolysardce at 368 K, and this temperature held for
1 h. Afterwards, the pyrolysis technique was swattlinto the evolved gas analysis (EGA)
mode, heating the pyrolyser furnace to 853 K, theodhposition products were transferred
into the mass spectrometer continuously. The flate was set to 1 mL nifln the heat rate
was 20 K mift and the split ratio was 1:100. Headspace GC/M%$sisaof the sample head
space was carried out using a HP5-MS column (5% hmeethyl silox Agilent) as stationary
phase for separation. The inlet temperature wawde23 K and the injection was performed
manually (split ratio of 1:500). The temperaturegram started at 313 K, increased to 453 K
with 10 K miri held for 1 min. The mass scan range was set betm&e20 and 100.
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» Conductance measurement

A Knick 703 conductivity meter was used for theedstination. The conductivity of the
samples was determined within a temperature rah@9® K to 368 K divided into 10 K
steps. The cell constant was determined using aguédl mol ' NaCl solution. The
temperature of the samples was controlled by abdulg32 thermostat. The cell for
conductivity measurement was assembled in an afijed glove box and then carefully

sealed.

> NMR studies

The chloroaluminate molten salts were measured aitO capillary without any solvent
and pure EMImCI was dissolved in CRCIThe samples for NMR measurement were
prepared in an argon-filled glove box. The and**C NMR spectra were recorded with a
Varian Mercury 300 MHz spectrometer using tetrarylsttane as reference, at 300.224 MHz
and 75.499 MHz respectively. All NMR spectra wezearded at 298 K.

4.2. IMPLEMENTATION OF A 3D CURRENT COLLECTOR FOR T HE

POSITIVE ELECTRODE OF LIBS

4.2.1. Preparation of the 3D current collector

For preparation of the 3 dimensional current cédlecfor the positive electrode of lithium-
ion batteries non-woven polyester was used as tmpPolyester is a non-conductive
polymer and therefore, for successful implementatés current collector, it has to be
metallised. There are several methods available m@tal plating of non-conductive
workpieces like electroless metal deposition, tterapray coating, hot dipping or physical
and chemical vapour deposition (PVD, CVD) [23] [70]

In this work non-woven polymer was coated with cappr nickel by electroless metal
deposition followed by aluminium coating througleatoplating. As alternative, non-woven
polymers was coated with different aluminium laydricknesses by physical vapour
deposition (PVD).
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Two generations of nowover polymer were characterised (figure 2&he first generatio
refers to a template witless homogeneitcompared to theecond generation non-woven
polymer. Tlke homogeneity of the current collectoiof great importancéor determination o
the exact massf the current collector and mi loading of the electrod. The knowledge
about the exact mass of an electrode is of grepbitance for the calculation che c-rate.

The appliedate affects the cycling performance and receisgmicity of an electroc

1. generation non-
woven polymer
coated with Al by
PVD (layer

. thickness: 300 nm ;
1. generation non- 2. generation nc-

woven polymer woven polymel
coated with Ni and coated with Al by
Al by electroless PVD (layer

deposition and thickensses: 1 i
electroplating and 2 um

Figure 26: Different kinds of 3 dimensional current collectas — overview

4.2.2. First generation non-woven polymer coated with Nior Cu by electroless
deposition andAl by electroplating

The Cu and NP films were deposited on n-woven PE with dimensions of 20 mm
20 mm x 0.15 mm, preeated in a basic cleaning solui (Envision™ DPS 562E at 338 K
for 5 min, 30% HCletching for 60 s at room temperature and |, activation for 60 s ¢
313 K (UDIQUE™ 879 W) In between all steps, the substrates were rimsttideionisec
water (table 8)SubsequentlyCu and Ni-P ifms were electroless deposited the pretreated
substratesCopper films were deposited from baths contai 10 g L* C/* ions and
formaldehyde as reducing agent. The electrolytecfmpper deposition was composed
CuSQ*5 H,0, NaOH and C,0 (ENPLATE Cu 872)Operating temperature of the batas
328 K.
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Nickel films were deposited from baths containing 3 L' Ni?** ions and sodium
hypophosphite as reducing agent. The electrolyteNBP deposition was composed of
NiSO,*6H,0, NaHPO*H,0 and NH (UDIQUE™ 891).

Operating temperature and pH of the baths were B38nd 9, respectively. Table 8
summarises all single steps with temperature anatidn, which are necessary for successful
metal reduction on a non-conductive substrate bAths were supplied by Enthone Cookson

Electronics and were used as received without éumlrification.

Table 8: Steps of electroless metal deposition praewith related temperature and time for each step

Procedure Duration [min] Temperature [K]
Copper Nickel Copper Nickel
1  Cleaner (Envisiolt' DPS 5625) 5 5 338 338
Deionised water 1 1 rt rt
Etching (30% HCI) 1 1 rt rt
3  Activator (UDIQUE™ 879 W) 1 1 313 313
Deionised water 1 1 rt rt
Deposition 4.5 20 328 338
Corrosion protection (for copper only) 1 - 333 -

reaction time depends on¥liconcentration (reaction is faster when bath isHheprepared)
rt.....room temperature

For achievement of a well adherent metal layerh@nnon-conductive substrate, pretreatment
of the surface is essential. Therefore, greaseram®ved from the surface by treatment in
basic solution followed by etching for better adbesf the metal layer on the polymer. After
that, nucleation sites were applied on substrate$ace through treatment in acidic
PdCL/SnCb-solution. Finely distributed colloidal palladiumag deposited on the substrates

surface, which initiated electroless metal depaosifirl] [72]:
PdCh + SNG4 <« Pg@[Sn(OH)}"“CI + SnO(OH)

After activation, the surface is ready for electss metal plating. Copper can be chemically
reduced from basic solution. Formaldehyde delivedestrons for copper deposition and is

therefore oxidized [73]:
CuSQ + 2HCHO + 4NaOHo CW + Ht + 2NaHCOO + N&$O, + 2 HO
Ci* + 2HCHO + 40H o Cu + Ht + 2HCOO + 2HO
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In most commerciallyavailable nickel plating baths, nickel-phosphosalloys are reduce
from alkaline solution with sodium hypophosphite ragducing agentDeposition of alloys
with different phosphonas conter is possible (24%), depending on tHormulation of the
plating solution.Reduction and oxidatic takes place according to the following react
equations [74]:

NiSO, + NaBPQO, + XxHO <« Ni°® + 2Hgs + 2H + SQ> + NakPO;

2 NaHPO, + 2 Higs — NaHkPO; + P + NaOH + x HO

3NaHPO, + NiSQ + xHO <« Ni° + P+ 2H + Na + SQ% + 2 NahPO;

After reduction of both metals on r-woven polymera dense and well adhnt metal layer
could be obtained for eaahneta (figure 27). The desired metal layer thickness could

receivedby adapting the reaction tin

Summenspekirum

SEM HV: 20.(; kv WD: 13.00 mm 02 0z 04 I ID.IE I
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SEM HV: 20.0 kv WD: 14.97 mm VEGA3 TESCAN

T ——
0.2 0 02 0.4 0E
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kalenbereich 133199 cts Cursor: 0.000

Figure 27: SEM images and EDXspectraof copper plated polymer nonwoven (a, b) and of nicke-plated non-woven
polymer (c, d)
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For electrodeposition of aluminium, the bath wasstibuted of 1-ethyl-3-methylimidazolium
chloride (EMImCI-AICE molar ratio 1-1.5), supplied by BASF (Basionl¢sAl01 [75]), and
used as received without further purification. Alhemicals were handled under argon
atmosphere in a glove box, in which the moistur@ exygen content was maintained below
0.1 ppm. The electrodeposition was performed ielantrochemical cell (100 mlyith three
electrodes using an Autolab PGSTAT 100 & 10 A Bepsinder inert gas conditions. The
deposits were obtained operating in current coletlo{galvanostatic) conditions at 368 K,
using pure aluminium rods (Goodfellow 99,999%) asnter and reference electrodes. As
substrates for electrodeposition, the already pegpaopper and nickel plated non-woven

polymer were used.

Figure 28 illustrates the conductivities of unteshtl-ethyl-3-methyl-imidazolium chloride
compared to thermally stressed and electrochemieaged ionic liquid. It was found, that
conductivity increases with increasing temperaamd reaches about 50 mS tmt 368 K
(figure 28). This is a very low value compared tueous electrolytes with thousand-fold
higher values. As shown in figure 28, thermal aledteochemical treatment seems to have no
significant effect on the conductivity of the el®tyte. Aluminium deposition from
EMImCI*1.5 AICI; at room temperature occurs only slowly and cowddekplained by the
reduced conductivity of the electrolyte at room penature compared to increased
temperatures (figure 28). It should be noted th& behaviour could originate from slow
kinetics of electrode reaction itself as well. Tiesulting aluminium layer and the current

yield from electrodeposition at room temperatues\ary bad.

55

| —@— EMIMCI*L.5 AICI, before treatment
50|~ EMImCI*1.5 AICI, after electrochemical treatment
] —A— EMIMCI*L.5 AICI, after thermal treatment

45 %EMImCI*l.S AIC, after electrochemical and thermal treatment 7~

40--

35-- Y e —

304

25

conductivity / mS crit

204

154

temperature / °C

Figure 28: Conductivity measurement of EMImCI*1.5 AICI3
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Another important property of an electrolyte is thlectrochemical stability window. The
electrochemical window is defined as the poteraalge between the reduction potential of
the cation and the oxidation potential of the anMpst ionic liquids possess a wide potential
window at many electrodes, up to 4-6 V. That malkes to promising electrolytes for
electrochemical applications [76] [77]. In comparisthe thermodynamic stability window of
pure water has a value of only 1.23 V due to litiotathrough water decomposition [78].
The measurement was carried out using a platinusudas reference electrode. The
complexed ionic liquid is electrochemically stabighe potential range between -1.75 V and
+ 1.00 V vs. Pt which means that the electrochelnmiiadow has a value of approximately

2.75 V (figure 29). Aluminium deposition occurs time voltage range between -0.5 V and
+0.4 V vs. Al/AP* (figure 32 and figure 33).

current density / mA cih

T T T T T T T T T
-1,0 -0,5 0,0 05 1,0 15
potential / V vs. Pt (pseudo)

Figure 29: Electrochemical stability window of EMImCI*1.5 AICI 3 vs. Pt pseudo reference electrode

Aluminium electrodeposition was carried out at eliéint temperatures (room temperature,
348 K and 368 K) and different current densitie3, @0 and 40 mA cif). The current yield
was calculated according to eq. 14 and comparé&dhation of reaction time (figure 30).
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Figure 30: Current yield as function of reaction time for aluminium deposition at different reaction emperatures

The aluminium layers, deposited at room temperatamed 348 K are very bad and
inhomogeneous. The current yield for depositiomoaim temperature is very low (20%).
Although the current yields at 348 K and 368 K ammnparable, the appearance of the
aluminium layer at a deposition temperature of 348s very bad. Therefore, further
experiments were carried out with a temperatur@8fK.
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I \i, 40 mA et

80

70

604

50---

404

304

204

104

current yield / %

0- 7
1 2 3 4
reaction time / h

Figure 31: Current yield as function of reaction time for aluminium plating on copper and nickel platel non-woven
polymer with different current densities
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The results for investigation of the current yields Al electrodeposion on copper and
nickel plated non-wovepolyme! at 368 K are summarised in figure Jhe current yields o
copper plated polymer ai@ general a bit higher compared to nickel platetymer. The
highest carent yields could be reachwon copper plated substratgth a current density «
30 mA cnm®>. However, he highest current yields with nickel plated polynmuld be
achieved with a current density of 20 mA 2 The reason for this might be the lov
conductivity of the nickephosphorous allc compared to copper.

In general, the current yields for electrodepositi a current density 40 mA cn are very
low due to formation chluminiumdendrites. Aluminium dendrites shdyac adhesion on the
substrate and therefore, itddficult to determine the exact current yield dw aluminium

losses.

@

current (A crif)
[4;]
1

- —cycle 1

25 o ---- cycle 2

1 /0 cycle 5
'30'_ ,,,,, - cycle 10 SEM HV: 20.00 kV WD: 12.70 mm VEGA3 TESCAN
-35 SEM MAG: 3.00 kx Det: SE i VARTA
-0,6 -6,4 -I0,2 6,0 olvz 0I'4 0,6 MICIO INNOVATION

potential (V vs. AV AI")

Figure 32 Cyclic voltammograms of aluminium electrodeposition on copper platednon-woven polymer from
EMImCI*1.5 AICI 5 with a scan rate of 10 mV * at 368 K (a) and SEM image of the cross section of a plateitbfe (b)

T

nickel layer &

current (mA crit)
w
1

SEM HV: 20.00 kV ‘WD: 15.00 mm VEGA3 TESCAN|

- T T T T T T T T T T SEM MAG: 6.00 kx Det: SE 10um i VARTA
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potential ¥/ vs. Al/Al™)

Figure 33: Cyclic voltammograms of aluminium electrodepositionon nickel plated nor-woven polymer from
EMImCI*1.5 AICI 3 with a scan rate of 10 mV * at 368 K (a)and SEM image of the cross section of a plated fibi@®)
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Typical cyclic voltammograms for deposition andpging of aluminium from the complexed
ionic liquid at 368 K are shown in figure 32 anguiie 33. Figure 32 (a) shows deposition and
stripping on copper plated non-woven polymer askimgrelectrode. The cathodic and anodic
peaks beginning at -0.2 V and +0.1 V vs. AP/Atespectively, can be attributed to the
reversible deposition and dissolution of aluminiand correlates with already published data
in literature [7] [79] [80] [81]. The cyclic voltamogram with the copper plated working
electrode shows additional reduction and oxidafieaks at +0.4 V and +0.5 V vs. AlfAl
respectively. They can be attributed to copper ctdn and oxidation.

Interestingly, the reduction and oxidation potdstiaf Al,Cl; species slightly shift to more
negative potentials with ongoing cycling.

Figure 33 shows the cyclic voltammogram of eleatymabition on nickel plated polymer as
working electrode. Nickel seems to be more stabntcopper. No additional peaks as
indication for deposition and stripping of nickelncbe observed within the chosen potential
range. Also, the shift of Al stripping and reduatipeaks toward more negative potentials is
not that tremendous compared to the cyclic voltagnanm, using copper plated non-woven
polymer as working electrode.

Morphology, thickness and quality of the depositegtal layer can be adjusted by controlling
experimental parameters. Beside reaction tempestupplied current densities or bath
additives strongly influence the appearance of diégpo

In this work it was found, that rough surfaces dobk achieved with low current densities
and the higher the applied current density, theath®y the surface of the deposited metal
layer becomes (figure 34). The EDX spectrum aftamaium electrodeposition on nickel
plated substrate (figure 35) shows a pure aluminiaper. The detected oxygen could be
attributed to passivation of aluminium on air dgrthe transfer of the sample to the vacuum
chamber of the SEM. The nickel peak derives froendibstrate itself.
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Figure 34 SEM images of deposited aluminium layes from EMImCI*1.5 AICI ;3 at 368 K with different current
densities (10 mA crif (a), 20 mA cn? (b), 30 mA cm? (c) and 40 mA cn¥ (d))

4

Ekalenbereich 305545 cts Cursor; 0.000

Figure 35 EDX spectrum of electrodeposited Al on Ni platetnon-wovenpolymer from IL
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4.2.3. Evaluation of the corrosion resistance of the new3 current collector

For successful implementation of the new 3D cur@ilector in lithium-ion batteries the
electrochemically stability is extremely importafithis means, no reduction or oxidation
reactions concerning the current collector shoakk tplace within the operating potential

window of the electrodes active material.

Due to its ability to form a protective surfacedaypassivation), aluminium is known for its
superior corrosion resistance at high voltages5(*3ys. Li/Li"). In the case of the present
current collector, the metal layer beneath the alwm layer must be shielded from
electrochemical attack. If this metal layer is osédi, a deterioration of the mechanical

stability takes place.
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Figure 36: Cyclic voltammograms of copper metal (li¢) and nickel metal (right) at room temperature;
scan rate: 10 pV &

First of all, cyclic voltammograms of pure coppedanickel were recorded. Electrodes of
these metals with 12 mm diameter were preparedddunder vacuum at 393 K and
assembled in 3 electrode Swagéldkcell using metallic lithium as reference- andicter
electrode. As electrolyte, the standard electro(gixtion 4.1.) was used. The left image in
figure 36 shows a cyclic voltammogram of copperahigt a voltage range between 2.0-4.0 V
vs. Li/Li*. At 2.0-2.5 V vs. Li/Li a small cathodic current is observed, which calddve
from CuO reduction, Li®building and formation of a SEl-like layer [82]h& polarisation in
anodic direction results in an increase in curegr.6 V vs. Li/Li and is primarily the result

of copper dissolution into the electrolyte.
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As suggested in literature, copper metal is stablewer potentials vs. Li/" and is therefore
applied as current collector for the negative etel[32].

Figure 36 (right image) sins a cyclic voltammogram of nickel metal in a vgkarange
between 2.0-4.5 V vs. Li/Li Here, negligible anodic and cathodic curr with very small
oxidation and reduction pee are observedAlthough it is not expecte metallic nickel is
electrochendally stable in the desired potential range vsLil". As suggeste in literature,
the anodic limit of nickel is 8.V vs. Li/Li" in the presence of LiRIB83][84].

For further corrosioexperiments, aluminium foil was coated with coppenickel followed
by electrodeposition of aluminiurThe substrates were heat treated at 573 K befeyeviiere
assembled in a 2 electrode glass cell using lithietal as counter electrode and the <ard
electrolyte. Aconstant voltac of 4.3 V vs. Li/Li" was applied for one we, before the

electrodesvere washed in ethylene carbonate and examine&bMy&hd EDX.

v )

- ?::1

SEM HV:20.00KV |  WD: 14.98 mm VEGA3 TESCAN| SEM HV: 20.00 kV ‘ WD: 13.85 mm VEGA3 TESCAN

SEM MAG: 1.00 kx il VARTA SEM MAG: 800x Det: SE 100 pm i VARTA
MICrO INNOVATION \ MICIO INNOVATION

Figure 37: SEM images of copper p@ted working electrode before (a) and after (b) oneveek at constant voltage ¢
4.3V vs. LilLi*
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Al Ka1 Cu Ka1

Figure 38: EDX elemental mappingof Al (a) and Cu (b) of the copper plated working Ectrode after one week a
constant voltage of 4.3 V vs. Li/Li

SEM HV: 20.00 kV WD: 14.54 mm VEGA3 TESCAN SEM HV: 20.00 kV WD: 14.12 mm VEGA3 TESCAN|

SEM MAG: 1.00 kx Det: SE 50 pm H VARTA SEM MAG: 1.00 kx VARTA
MICTO INNOVATION MICIO INNOVATION

Figure 39 SEM images of nickel plated working electrode befe (a) and after (b) one week at constant voltar  of
4.3V vs. LilLi

Ni Ka1 Ni Ka1

Figure 40:EDX elemental mappingof Ni before (a) and after (b) one week at constantoltage of 4.3 \ vs. Li/Li*
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Copper will be oxidised within the working potemtiange of active materials for the positive
electrode and is therefore only used for negatieet®des in LIBs. Although, the copper
layer is covered by a protective aluminium layespmer is exposed to electrolyte at the
cutting edges of the electrodégure 3b shows, that copper will be oxidised completelyewh
the electrode is exposed to higher voltages andctieent collector loses its mechanical
integrity. No stable alloy is formed during heaaiment at 573 K. The elemental distribution
imaging from EDX mapping shows, that nearly no @ps detectable at the working
electrode after exposure to 4.3 V vs. Li/for one week (figure 38Db).

In contrast, nickel seems to be much more resisagainst oxidation during long time
exposure at 4.3 V vs. Li/Li As shown from SEM images in figure 39, there gsabvious
difference between the working electrode before after electrochemical treatment. Nickel

could also be detected after the corrosion expetinveh EDX spectroscopy (figure 40).

Therefore, further experiments were carried ounhgisnickel plated non-woven polymer,
covered with a layer of aluminium by electroplating

Electrodes of nickel plated non-woven polymer wearsed for cyclic voltammetric
experiments. They were placed as working electinde3 electrode Swagel8K-cell using
metallic lithium as reference- and counter elearods electrolyte, a mixture of ethylene
carbonate (EC) and diethyl carbonate (DEC) (EC/B3ECV/v) with 1 M LiPk as conducting
salt and 2 wt% vinylene carbonate (VC) as addives used. In a voltage range from 2.5 to
4.2 V vs. LilLi* 100 cycles were recorded with a scan rate of \MOsth(figure 41a). The
same experiment was carried out using working eddets of non-woven polymer coated with

nickel under a layer of aluminium (figure 42a).

Chronoamperometric measurement was performed irelecdrode SwagelSkT-cell, using
metallic lithium as reference- and counter eleatradd nickel plated non-woven polymer or
nickel- and aluminium plated non-woven polymer asking electrode and the electrolyte as
described before. A constant voltage of 4.2 V VéLi[ was applied for 240 hours and
changes in current over time was recorded (figlite ahd figure 42b). The current flow of an
electrochemical cell without working electrode érefince) was recorded and subtracted.
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Figure 41: Cyclic voltammogram of nickel plated norwoven polymer at room temperature; scan rate: 1 mVs?* (a) and
charge as function of time (b)
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Figure 42: Cyclic voltammogram of nickel and aluminum plated non-woven polymerat room temperature; scar
rate: 1 mV s* (a) and charge as function of time (b)
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Table 9: Average values of the charge flow of diffemt 3D current collectors during chronoamperometric
measurement (for 240 hours)

sample average value [C*s] standard deviation
galv. aluminised PET 7000000 + 1100000
nickel plated PET 6800000 + 630000
PVD aluminised PET 37000 + 4000
aluminium foll 18000 + 3000

The cyclic voltammograms show, that the currentvflesulting from reduction or oxidation
reactions involving the current collector, is ngdile within the potential range between
2.5-4.2 V vs. LilLi (figure 41a and figure 42). The flow of charge during the
chronoamperometric experiment at a constant voltfgd.2 V vs. Li/Li" for 240 hours

derives from different reactions like oxidation iafpurities, electrolyte decomposition, the

test cell itself or passivation reactions involvihg current collector [82]:
Al,O; + 2HF — 2 AIOF + HO

2AIOF + 2HF —» ALOFR + HO

Al,OF + 2HF — 2AIR + HO

The charge flow in test cells with substrates, poedl by galvanic deposition of aluminium
and chemical deposition of nickel, is significantiigher compared to substrate, prepared by
PVD of aluminium and aluminium foiltgdble 9. However, this can be an indication for not
completely removable impurities that derive frone fhlating baths. It is also possible, that

oxidation of the non-woven polymer contributes narecreased flow of charge.

In conclusion it can be said, that nickel and ahiom plated non-woven polymer is
electrochemically stable up to 4.2 V vs. LilLTherefore, it can be implemented as current

collector for the positive electrode in LIBs.
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4.2.4. Determination of electrochemical and thermal decomgsition products of
EMImMCI*1.5 AICI 3 during Al electrodeposition

lonic liquids tend to decompose after being expasedlevated temperatures, catalytically
active molecules or the influence of an electr&dfi[85] [86]. Beside the continuous loss of
ionic liquid the resulting decomposition producencachange the desired physico-chemical
properties and may impact the plating process #s we

Figure 43 illustrates the thermal degradation pagsvof EMIMCI based on literature [85].
The most abundant decomposition products duringrtaketreatment of the ionic liquid are
imidazole derivates and alkylated anions as casele in reaction (1). Either one alkyl chain
can be abstracted or even both [86]. Other coradierdecomposition products are diethyl-
or dimethyl imidazole, which will be formed durimg-alkylation of a dealkylated cation, or
by direct exchange of the alkyl chains of two casi@2) [85] [87]. A further possibility for
decomposition reaction is the deprotonation of @&atom by strong nucleophiles, which
results in the formation of carbenes (3). Carbemmegeactive components that can react with

other molecules of the ionic liquid or any dissa\decomposition products present [88] [89].

\N+/’\NJ — N%NJ and N7 N—

+ CH,Cl and C,HsCl (1)
cr \=/ \—/ =/

\N+/’\NJ + \N";\NJ \\N_,_//\NJ . \N_(/\N/

2
cr \=/ cr \=/ cr \=/ cr \=/ @

\N\*ZNJ —>\N\i\/NJ N
cr \= —

HCI (3)

Figure 43: Possible thermal decomposition path of-gthyl-3-methylimidazolium chloride [85]

Possible electrochemical decomposition productd-ethyl-3-methylimidazolium chloride
are shown in figure 44. In electrochemical procesde3-dialkylimidazolium radicals are
formed in analogy to carbenes. These radicals eant rwith each other to form neutral

molecules (radical-radical coupling) [90].
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Figure 44: Possible electrochemical decompositionenhanism of EMImCI [90]

It is also very important to mention that humidsiynsitive species like Alglwill undergo
hydrolysis in contact with even traces of water.
Halogenaluminates show strong exothermic reactionth water and decompose to

aluminium oxides and aluminium hydroxides releasig[91].

In this work, a methodic approach was developeddémtify decomposition products of
1-ethyl-3-methylimidazolium chloride in combinationith AICl3, using head space gas
chromatography-mass spectrometry, pyrolysis gasoncatography-mass spectrometry
analysis [92] and NMR studies. Samples of the cewgd ionic liquid were treated thermally
and electrochemically respectively.

An electrochemical cell was filled with a certaim@unt of electrolyte and nickel-plated
polymer as working electrode as well as aluminiumesvas counter- and reference electrodes
were mounted. The cell was assembled and sealest argbn atmosphere. For thermal stress
only, EMImCI*1.5 AICl; was heated to 368 K and the temperature was beltiO0 hours.
For electrochemical treatment, the aluminium depmsiwas carriecbut at constant voltage
mode with -0.1 V vs. AI/Al" at 368 K up to 100 hours. These samples were méar

NMR analysis in an argon-filled glove box.
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4.2.4.1. NMR analysis

For NMR studies, the samples were prepared in gonafilled glove box without any solvent
(DO capillaries) except for the measurement of théynteeated pure EMImCI, which was
dissolved in CDGl *H and**C NMR spectra of the fresh, untreated EMImCI*1.EBlwere

also recorded (table 10).

Table 10: 'H NMR data (300 MHz, D,O) for EMImCI*1.5 AICI 3 and EMImCI (300 MHz, CDCls) before and after
electrochemical and/or thermal treatment [93] [94]

t, 3H S S s, 3H g, 2H s, 1H s, 1H s, 1H
1 d(ppm)  1.03 - - 342 373 6.83 6.87 7.85
2 5 (ppm)  0.91 2.12 - 330 362 671 6.76 7.73
3 d(ppm)  1.08 - 3.00 346 3.78 6.88 6.92 7.89
&4 § (ppm)  1.01 230 291 339 371 681 6.85 7.82
5 d(ppm) 1.01 2.29 258 340 371 681 6.86 7.83
6* §(ppm)  1.30 - - 382 413 744 7.44  10.16

"1 = EMImCI*1,5 AICk before treatment

2 = EMIMCI*1,5 AICL after thermal treatment at 368 K

"3 = EMImCI*1,5 AICk after electrochemical and thermal treatment atk3é& 10 h
"4 = EMImCI*1,5 AICk after electrochemical and thermal treatment atk3é& 50 h
5 = EMImCI*1,5 AICk after electrochemical and thermal treatment ati36& 100 h
"6 = EMImCI after thermal treatment at 368 K for 100

EMIMCI*1.5 AICI 5 (before treatment): *C NMR , (D;0): & 14.81 (s, CH), 36.53 (s, CH),
45.11 (s, CH), 121.84 (s, 1C), 123.53 (s, 1C), 134.11 (s, 1hp

4.2.4.2. Pyrolysis-GC/MS and headspace GC/MS anaiys

For determination of volatile decomposition product the electrolyte, static headspace
GC/MS analysis was carried out. Therefore, the ERIMh.5 AICI; was thermally aged at
368 K for 100 h in a glass vial fitted with a saptuSamples (4.0 mL) of the gaseous phase
above the solution were taken using a 10 mL gdg-8gringe (Hamilton) and injected into
the gas chromatograph system.

Chloromethane, dichloromethane and hydrochloriad ampuld be identified as volatile
decomposition products after thermal treatmentMfrECI*1.5 AICI 3 at 368 K(figure 45).
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The silicon containing compound with a retentiandiof 2.10 min. derives from the reaction
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Figure 45: Chromatogram of volatile decomposition ppducts of EMImCI*1.5 AICI 5 (a) and accompanied mass speci
of hydrochloric acid (b), chloromethane (c) and dibloromethane (d)

For Py-GC/MS analysis fresh EMIMCI*1.5 AliCWas dropped into a small sized vertical
furnace. The temperature was set to 368 K for aug after which time the evolved gas was
analysed. The results of Py-GC/MS indicate thabrdmhethane (figure 46a), hydrochloric
acid (figure 46b), methylimidazole (figure 46c)hgimidazole (figure 46d) and deprotonated
ethyl-methylimidazole (figure 46e) are the mainrthal decomposition products of the
complexed ionic liquid. No products reflecting deyaosition of the imidazole rings at this
temperature could be found in the thermogram. Etédhion thermograms are shown in
figure 46. The mass spectra of the certain deg@dadroducts of the ionic liquid show

typical fragmentation pattern of imidazole [95] [26d could therefore be identified.
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Figure 46. Extracted ion thermograms of chloromethane (a), wdrochloric acid (b), methylimidazole (c)
ethylimidazole (d) and ethyl-methylimidazole (e) ad the accompanied mass spectra (f)

The mass spectrum allocated to figure 46f inclugesks with high masses (m/z 193 and
m/z 207) and could be assigned to injection lineeting due to massive HCI development
during sample degradation. The origin of the pedk w/z 179 couldn’t be clarified until

now.
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It is also possible, that the peaks with the massesl79, m/z 193 and m/z 207 derive from

dimerisation of reactive imidazolium intermediatigure 44).

Although EMIm halides (C] Br or I') exhibit temperatures for onset decomposition betw
553 K — 583 K [97], we have found additional peakthe'H-spectra of the thermally treated
sample at 368 K. A possible explanation could be thermal decomposition of the
complexed ionic liquid indicating the presence tykhchlorides and HCI in the thermal
stressed sample. On the other hand#8eNMR spectralon't show additional peaks, but this
could be due to a less sensitiveness of ‘l@NMR compared to'H-NMR or GC/MS
analysis. According to literature, heating of EMIh&L 373 K does not increase the imidazole
content in the sample which can be an indicationdEcomposition of alkylated imidazoles
[87]. In our observations there are no additionedks in the'H-spectra of heat treated
EMImCI without AICI; (table 10). It seems that AlCinitiates the decomposition of the IL

and decreases this onset temperature dramatically.

On the other hand, in the electrochemically trea@dple at room temperature, no additional
peaks could be observed in the NMR spectra of thectrelyte. However, the
electrochemically stressed samples at elevatedeityses (368 K) show these additional
peaks too and are in agreement with this theorfuriher consequence, AlgCtan be deemed
as the crucial factor for degradation of 1-ethyh8thyl-imidazolium chloride used for
aluminium electrodeposition at elevated temperatuieich would be optimised conditions in
terms of electroplating [98].
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4.2.5. Comparison of mass, conductivity and contact surfaxz area of different

current collectors

The mass, conductivity and BET surface area obuarBD current collectors and Al foil are
compared in table 11. The conductivity of the sasplvas determined according to the
4-point probe [99]. The conductivity of the metsdld non-woven polymer is about 7-8 times
lower compared to aluminium foil. It is believedatithe reduced conductivity of the metal
plated 3D current collector could derive fromy®4 formation on the aluminium surface in
contact with air. Pure aluminium naturally formshan surface layer in contact with oxygen
with a thickness of about 0.1 pum-0.5 um [100]. higher the surface area, the more@l
will be created on the surface of the working piegsmce aluminium oxide is an insulating
material the conductivity will be reduced. Additally, the template of the 3D current
collector is an insulating material, and therefateyill reduce the overall conductivity too.
Also the complex geometry of the 3D current cobtheetill affect the accuracy of calculation.
As inferred from the BET surface area the used wowen polymer increases the contact
surface by five times compared to conventional @hium foils. The unusual unit [fim?]
derives from the calculation of the surface are¢hefcurrent collector from the value of the
BET surface [rg?).

The mass of Al foil is relatively high, which ina®es the mass of inactive components in
LIBs and therefore reduces the energy density @btittery. The mass of first generation 3D
current collector is slightly lower compared to Adil. As can be seen from standard
deviation, this non-woven polymer is very inhomogeus (table 11). The homogeneity could
be improved with the second generation non-wovdynper and also the mass of this current
collector could be significantly reduced.

Table 11: Comparison of mass and conductivity of vaous current collectors

Al foil non-woven non-woven 1pm non-woven 2um
0.3um Al Al Al
mass [mg cnf] 7.54 +0.03 6.97 + 0.53 3.31+0,09 3.93+0.22
conductivity [S cmi'] 380000 + 21000 25000 * 40 49000 + 3000 68000 + 7000
thickness [um] 33.07 £0.93 149 + 7.46 97.38 £ 2.29 100.25 £ 1.20
BET surface area [nf m?’ 2.0 - 10.3 -

“received from determination of the BET surface &émefag]; the surface area of the current collectof[was calculated
from the BET surface [Ag}]
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4.2.6. Electrode preparation and electrochemical charactasation

4.2.6.1.Electrodes with 1. generation current collectol

For implementation of theew 3D current collector in Lils, 20 mm x 20 mm pieces of r-
woven polymer wereoated with nickel by chemical redion according to the procure
described in section 4.2.2able 8). Afterwards, the nickel plated pieces were elgdai@d
with aluminium from EMImCI*1.5 AIC; [75] with acurrent density of 10 mA c¢? at 368 K
for 60 min Due to apparatus limitations just small piecesiof-wover polymer could be
plated with aluminiumThe thicknesses of the deposited metal lawere determined using
scanning electron microscc (SEM). The deposited nickel film mlmost uniform and Is a
thickness of about 700 nm. Due to variation of entrrdensityat the edges and plan(bone
effect), the thickness of Al variein the range between 10 um and 20 Bt electrodess12
mm) were punched out just in the middle of the eniricollector and the variation in mass
Al is therefore not that tremendous. Afterwards,esectrode slurry was preparetable 12)
and the curnet collector was coated with by doctor blade metlAs figure 47a indicates, a
rough aluminium deposit could be achieved usingreeat density of 10 mA ¢,

DT O o G O
electrodematetia

aluminium layer

\_,P’j‘,ﬂ? ’_’-'

non-woven polymer -

WD: 15.00 mm " VEGA3 TESCAN SEM HV: 20.00 kV WD: 18.36 mm VEGA3 TESCAN

SEM MAG: 1,00 kx Det: SE H VARTA SEM MAG: 2.00 kx Det; SE 20 pm H VARTA
MICO INNOVATION MICO INNOVATION

Figure 47: Surface of current collector (a) and cross sition of a LiFePO,-electrode (b

Table 12: Electrode slurry compositior

components composition [%]
active material lithium iron phosphate (LiFeF,) 87
binder polyvinylidene fluoride (PVDF)
conducting additive carbon black (Super P)
solvent n-methyl-2-pyrrolidon
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Table 13: Corresponding lithiation and delithiation capacities of CV measurement (fig. 48 above)

sp56 k18 LFP_6

mass active material/ mg 6.73

cycle
1
2
3

delith. capacity/mAh g¢*
169.9
172.8
171.3

lith. capacity/mAh g

177.4
170.1
1715

rev./%
95.8
101.6
99.9
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Figure 48: Cyclic voltammogram ((a), scan rate: 3V s?) and constant current cycling ((b), rate:1 C) of LFP with

3D current collector
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The same electrode was used for both measurenddtesthe CV experiment, the same test
cell was subsequently used for constant curreningycdt was not possible to determine the
mass of the current collector due to inhomogendityre non-woven polymer. Therefore, the
mass of active material of the electrode is catedl&rom the second lithiation capacity,
obtained from CV measurement, according to thewahg equation:

(€1itn*1000)

m = (Eq. 15)
Spec.CaprireP0,

0 SRR mass die material [g]
Clith -+ +nseesremeeeeeeeeeeaaaanannnnes lithiatiomacity [mAh]
spec. cap. LiFePQ........... specific capacity of LiFeRG-170 mAh ¢

For this kind of capacity determination it should hoted, that a slow scan rate has to be
chosen or that the kinetics of the material isisigfit fast. Otherwise the obtained capacity is
not accurate. The cyclic voltammografigyre 48) shows significant oxidation and reduction
peaks of LFP. Delithiation and lithiation of thisatarial occurs at 3.6 V and 3.3 V vs. LilLi
respectively. According to this equation, the elsi¢ was loaded with 5.92 mg of active
material (total mass load: 6.81 mg or 6.02 m¢fxrivith electrodes prepared in this manner,
the theoretical capacity of LiFeR®f 170 mAh ¢ could be reached only in the first few
cycles of CV measurement. During constant currgirey the electrode could reach a
relative stable capacity of about 130 mAhayer 200 cycles.

One possible reason for the reduced utilisatiothefcapacity of LiFePOcould be that the
chosen c-rate was too high. This active material daelatively slow lithium ion diffusion
rate at room temperature that makes it not possbletilise the whole active material at
higher rates [101]. Because of the lavishly promuctof these electrodes, no further
experiments with lower rates were carried out.

Another reason for not fully exploited capacity barigin from reduced conductivity of the

current collector due to AD; formation during electrodeposition.
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4.2.6.2. Electrodes with 1. generation current collecto (PVD of Al (300 nm)

The non-woven polymewas plated with aluminium by physical vapour deposi(PVD).
The diameter of the fibres &bout 20 pm and the thickness of the-wover polymer comes
to 150 um. Figure 49 shoves SEM image (left) and an EDX spectrum (rii of Al plated
polymer The detected carbon derives from the pol and the carbon taf The oxygen
could be assigned to timwlymer as well as frorpassivatiorof aluminium on a. The layer
thickness of the deposits i300 nm. The cuent collector was coated with slurry

(composition according tiable14) by doctor blade method.

Summenspekirum

SEM HV:20.00kV | WD: 16.16 mm E a2 10 12

SEM MAG: 100 x Det: SE 500 ym

Figure 49 SEM image (left) and EDX spectrum (right) of withAl PVD plated non-wovenpolymer

Table 14 Electrode slurry composition

components composition [%0]
active material lithium cobalt oxide (LiCoQ) 88
binder polyvinylidene fluoride (PVDF
conducting additive carbon black (Super P) 5
solvent n-methyl-2-pyrrolidon
1004 —— 1. cycle
go] —— 2. cycle
3. cycle
60+
40—.
= 20—.
g " J
= ° '
5 2] /\/
3 40 h
-GO—-
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-100—.
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Figure 50: Cyclic voltammogram (scan rate: 30 pV &) of LCO with 3D current collector
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Table 15:Corresponding lithiation and delithiation capacities of CV measuremen (fig. 50)

sp32_k14 I1ICO 1 mass active material/ mg 8.6(
cycle delith. capacity/mAh g* lith. capacity/mAh g*  rev./%
1 133.2 135.5 98.2
2 134.3 135.9 98.¢
3 134.3 135.8 98.¢

The composition of thelectrodes witrthe 3D current collector isompaable to that of the
2D current collector.

SEM HV: 20.00 kv WD: 15.00 mm VEGA3 TESCAN SEM HV: 20.00 kV WD: 15.00 mm VEGAS3 TESCAN|

View fleld: 288.9 um Det: SE 50 um il VARTA SEM MAG: 1.00 kx : il VARTA
SEM MAG: 1.00 kx  Date(m/dly): 01/08/12 MICIO INNOVATION MICO INNOVATION

Figure 51: SEM images of the cross section of LCO electrodegth 3D current collector (a) compared to 2L current
collector (b)
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Figure 52 Comparison of constant currert cycling (left, 1C) and rate capability test (right) of an electrodewith 3D current
collector (8.60mg) and 2D current collector 8.50 mg)
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In the SEM images dfgure 51the cross section of a LiCe@lectrode with aluminium plated
non-woven polymer and aluminium foil as currentector are compared. As shown in figure
51a, the electrode material penetrates into thespof the 3D current collector. The higher
surface area leads to higher contact area of aatiaerial and current collector. The 3D
current collector could be loaded with much higmasses of active material. This leads to an
improvement in capacity with a better rate capgbiiompared to electrodes with a 2D
current collector. However, the increased contaet &etween active material and current
collector leads to an improved mechanical stabibfy these electrodes in contrary to

electrodes with a flat 2D current collector.

Although the thickness of the 3D current collectormuch larger than that of a typical
aluminium foil (~150 um compared to ~30 pum), theahmweight of the 3D aluminium plated
non-woven polymer is about 20% less than that wmalium foil (table 11). As mentioned
before, the active material penetrates into thelsaf the 3D current collector while it is
connected on the surface of the 2D current colfedtioerefore, the difference in thickness of
the final electrodes is much less tremendous. Hmd,the possibility of higher mass loading,

will contribute to a higher specific energy of fiveal device.

Due to the high flexibility of the conductive norewen polymer with the embedded active
material, it can be easily cut into various shapges. comparison reasons, thick LiCoO
electrodes with aluminium foil as current collectaere fabricated and treated as the
electrodes with the 3D current collector. The fofithe thick 2D electrodes often delaminates
from the current collector and had bad final filnonphologies.

Because of the inhomogeneous current collectoercheation of the exact mass of the
electrode and the c-rate is difficult. To evalu#te c-rate, the 2nd lithiation capacity of
electrodes from the cyclic voltammetry experimeaswsed for the cycling study (figure 52).
With both current collectors the theoretical capacfor half lithiation of LiCoQ
(136 mAh ¢") could be reached in the first cycles. As seefigure 52 (left), the electrode
with the 3D current collector could reach a renmaintapacity of 118 mAh Gafter 100
cycles (1C rate) with a capacity loss of 13% anrs&bilities near 100%. For the electrode
with aluminium foil as current collector, a capgaif just 106 mAh g is left with a capacity
loss of 22% after 100 cycles (1C rate).
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A rate capability test of a 3D electrode comparedn electrode with a metal foil as current
collector is shown in figure 52 (right). The perfance of the electrode with the metallised
non-woven polymer as current collector is muchdsetompared to the conventional under
lab conditions produced electrode. When this ebeletris charged with a rate of 5 C, the
capacity drops to zero. The remaining capacityhefelectrode with the 3D current collector
is still above 60 mAh g

The poorer reversibilities, performance and then&gedous capacity fade of the electrode with
the 2D current collector could be accounted to gherer mechanical stability and higher
resistivity compared to the electrode with a 3Drent collector.
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4.2.6.3.Electrodes with 2.generation current collector

The more homogenous nevever polymer wasplated with aluminium by physical vapo
deposition (PVD) with different layer thicknessds(mresp. 2 um; comparison of ma
table 10. The diameter of the fibres is less than 10 um &edthickness of the n-woven
polymer came to arountl00 pm.Figure 53 shows a SEM imagmad figure 54 an EDX
spectrum of Al plated nowover polymer The detected carbon derives from the polymer
the oxygen could be assigned to polymer as well as to passiian of aluminium on ai An
electrode slurrywas prepare, as described before (table)land the current collector w.

coated by doctor blade meth

N
WD: 15.00 mm
Det: SE

4 [ g 10 12

Ekalenbereich 206935 cts Cursor: 0.000

Figure 54: SEM image of with Al PVD plated nor-woven polymer
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Figure 55: CV measurement (scan rate: 30 uV'Y of LCO electrodes with two different 3D current collecors
compared to aluminium foil as current collector
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Figure 56: Rate capability tests of LCO electrodes with two dferent 3D current collectors compared to aluminium
foil as current collector

Table 16:Capacities of electrodes with different current cdectors at different c-rates from rate capability st (fig.56)
and corresponding capacity losses compared to thedt cycles

cycle c-rate | 1 um Al layer capacity | 2 um Al layer capacity Al foil capacity
no. [mAh g loss [%] [mAh g loss [%] [mAh g] loss [%]
1. 05C 132 140 126

11. 20C 113 14 126 10 111 12
16. 30C 104 21 118 16 102 19
21. 50C 87 34 92 34 78 38
26. 05C 120 9 134 4 113 11
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Figure 57: Lithiation capacities (above) and delitiation capacities (below)received from CCC measuremer
(1 C) of LCO electrodes with 3D current collectorsdifferent Al layer thicknesses) compared to aluminim foil
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Figure 58: Irreversible cumulative efficiencies ofLCO electrodes with two different 3D current collecbrs and

aluminium foil for comparison
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The second cycles of the cyclic voltammetric expent of LICoQ electrodes with three
dimensional current collectors compared to an mddet with aluminium foil as current
collector are shown in figure 55. An improvementha8D current collectors can be achieved
as the oxidation- and reduction peaks of LCO arehrgharper compared to the 2D current
collector. Due to the higher surface area and byethe better connection between active
material and the 3D current collector, the lithisransport at high mass loadings is much
faster. Also, an improvement in cycling stabilityagher c-rates can be observed with the
new current collector (rate capability test figl@). The capacity loss of electrodes with Al
foil as current collector is more tremendous whaghér c-rates are applied (table 16). The
rapid capacity drop at c-rates beyond 3C can bibatitd to increased internal resistances due
to non-ideal measurement setup for electrodes suti high masses.

Figure 57 shows a comparison of the lithiation- detéthiation capacities of electrodes with
different current collectors. Because of inhomogeisemass loading into the voids of the 3D
current collector, the determination of the exacsm of the electrode and the c-rate is
difficult. Therefore, the 2nd lithiation capacitsom the cyclic voltammetry experiment was
used for the cycling study. With both current cclites the theoretical capacity for half
lithiation of LiCoQ, of around 137 mAh §could be reached in the first cycles. As seen in
figure 57, the electrodes with the 3D current collectorsldaeach a remaining capacity of
110 mAh ¢" after 100 cycles (1.0 C rate) with a capacity lo647% and reversibility close
to 100%. The remaining capacity of the electrodéhwine 2D current collector after 100
lithiation- and delithiation cycles was just 76 mAf with a capacity loss of 39% (1.0 C
rate).

The irreversible cumulative efficiencies of the loyg study are shown in figure 58. The
electrode with aluminium foil as current collectoad the highest irreversible cumulative
efficiency and therefore the highest loss of etestiemical active lithium ions during cycling.
This leads to tremendous capacity fade.

Due to limited resources of electrochemically aetlithium ions especially in full cells,

continuous lost has an adverse effect.
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4.2.6.4. Full cell assembling with electrodes comped of 3D current collectors

Graphite anodes and LCO cathodes were preparad) aspper plated (POLYMETXII-1)
and 29 generation aluminium plated non-woven polymer aed dimensional current
collectors. These electrodes had dimensions of &% and average capacities of
1.02 mA cnf (anode) and 0.90 mA cf(cathode), respectively.
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Figure 59: Lithiation- and delithiation capacities received fran CCC measurement (0.5 C) of full cellvith 3D
current collectors. Graphite and LCO were used as dive materials.
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Figure 60: Voltage profiles of lithiation and delithiation received from constant curret cycling of full cells with
electrodes composed of 3D current collectors. Grajte and LCO were used as active materials.
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Figure 59 shows the cycling study of a full cellttwielectrodes coated on 3D current
collectors in pouch bag configuration. In the filestv cycles the capacity drop is tremendous.
A possible reason is the poor contact between Ehewrent collector and current collector
tap. The capacity drop between first and secondecgmounted 24%. In contrary, the

capacity fade afterwards is 23% during 100 cycles.

The voltage profiles of charging and discharging full cell are shown in figure 60. It
illustrates the impact of lithium ion loss, espdgialuring the first charge and discharge
cycle. This vast capacity loss can be mainly aiteld to SEI-formation.

Additionally, full cells were prepared by an indiet process. LiCo@ coated on %
generation aluminium-plated non-woven polymer weeduas cathode and graphite coated on
copper foil as anode. The characterisation wasechout in pouch bag configuration with
electrode dimensions of 30 mm x 50 mm and a capati?.10 mAh crif. Figure 61shows

the constant current cycling study of the induktpeepared full cell after one cycle of

formation. It depicts, that this cell reveals agadlent cycling stability.
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Figure 61: Lithiation- and delithiation capacities received fran CCC measurement (0.1 C) of full cellsiyhere LCO coatec
on the 2" generation 3D current collector was used as cathedand graphite, coated on copper foil as anode.
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Figure 62: Voltage profiles of lithiation and delithiation received from constant current cycling of full cellswhere
LCO coated on the 2 generation 3D current collector was used as cathedand graphite, coated on copper foil as
anode.

The predicted capacity of the cell could be reackexy well. The voltage profilefiure 62
illustrates distinguished capacity retention. Aftare cycle of formation the capacity fade
amounts 4 %. This means, that almost the wholecatigpeould be retained after 80 charge

and discharge cycles.

An explanation for the better performance of thgustrial produced full cell compared to the
under lab conditions produced full cell is on or@dh the optimised production conditions in
terms of reproducibility. On the other hand, thepioved contact between the 3D current
collector and current collector tap could be resae for the outstanding cycle performance.
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4.2.7. Conclusion

Within this doctoral thesis, a novel type of fleeiland lightweight three dimensional current
collector for the positive electrode of LIBs wasdeped to replace the widely used heavier
flat metal current collectors. Aluminium was susfally deposited on non-woven polymers

from an ionic liquid for application as 3D currecdllector. Active material was embedded

into the voids of the 3D current collector and @smound, that such architecture leads to
much better cycling performance compared to conoeal electrode architecture, with mass
loadings in the same range. In addition, the gratiim energy density of a battery could be
improved, when the heavier flat metal substrateaced by the novel 3D current collector.
However, it contains 50% of the mass of the corigeat current collector. Such an

aluminium plated current collector can be used withariety of cathode materials. Another

benefit is the reduced effort of metals to saveuases.

During aluminium deposition from the imidazoliumsed ionic liquid, thermal degradation,
initiated by AICE, could be figured out to be the main reason fecteblyte aging. No

evidence for electrochemical decomposition of giectrolyte could be found. The presented
analytical approach, combining pyrolysis chromaapiwy coupled with mass spectrometry
incorporated and headspace gas chromatographyspaessometry enables the identification

of decomposition products of ionic liquids.

Thermal degradation of EMImCI*1.5 Al€lproduces chloromethane, dichloromethane,
hydrochloric acid, imidazole, alkylimidazole andethyl-3-methylimidazole based on the
formation of a reactive carbene intermediate. i@is are irreversible consumed and the
obtained data can be explained by an equilibridnftssfrom excess of reducible Al-species
[Al .Cl7]” to excess of the not reducible Al-compound [A]JCIAnother consideration that has
to be taken into account is the potential driftrtore negative potentials during electroplating,
until the limit of the electrochemical stability mdow of IL is exceeded. All these factors will

contribute to irreversible decomposition of ionguid and damage of the plating bath.

Physical vapour deposition of aluminium has beetescup to meet industrial requirements
and mass production of lightweight and flexiblereut collectors for the cathode of LIBs is

potentially feasible [102].
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4.3. SYNTHESIS OF AN ACTIVE MATERIAL FOR THE NEGATI VE
ELECTRODE BASED ON SILICON AND DECOMPOSABLE POLYMER S

To meet the ever increasing demands in energy tyefiosivarious applications, graphite has
to be replaced by anode materials with higher #tezal capacities. Silicon is a prominent
candidate as active material for the anode withemretical capacity of 4200 mAh'g49].
However, this electrode material exhibits a fewiclifities. During repeated alloying and de-
alloying processes, silicon undergoes massive welarpansions followed by cracking and
disintegration of the electrode. This leads to poare performance and significant capacity
loss [103] [104]. Characteristics, benefits andbpems of silicon as active material for the
negative electrode are discussed more in detathapter 3.3.2. Although numerous research
groups are dedicated to this problem and many teffoave been made up to date but no

commercially viable silicon anode had been attaun@d now [103].

Several strategies have been developed to impteveytcling performance of silicon-based
anodes (chapter 3.3.2.). In this work, Si/C comjgssiwere prepared through high-
temperature pyrolysis. Nano-silicon particles wengbedded in a matrix of carbon, based on

graphite and decomposable polymers as adhesive.
Three types of polymers were used:
1. PolyHIPE

This polymer was prepared by ring opening metashgsolymerisation (ROMP) of
dicyclopentadiene (DCPD) [105].

Grubbs Kat.
7 —_—

Figure 63: Reaction equation of polymerisation of BPD via ROMP [105]
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2. Polydicyclopentadiene (PDCPD)
The polymerization of PDCPD was initiated by a@aitt system, using AlG[106].
3. Polymethyl methacrylate / Polyethylenglycol dimettydate

A crosslinked polymer was prepared by radical clpaitymerisation, using benzoyl peroxide
(BPO) as initiating agency [107] [108] [109].

Figure 64: Structures of polymethyl methacrylate (ft) [129] and polyethyleneglycol dimethacrylate [@8]

4.3.1. PolyHIPE as decomposable polymer for preparation o8i/C composites

PolyHIPE, synthesised from DCPD (figure 63) extsilat typical architecture with cavities
and interconnecting pores [105]. The results fro®/O0SC-MS measurement (figure 65)
show, that decomposition of the polymer takes pkicé73 K. At 973 K, the whole polymer
is converted into carbon. When the temperaturernhér increased, no significant mass loss
is observable. After decomposition, about 30% acarban be obtained from PolyHIPE.
According to the mass spectra, the main decompasjiroducts are ¥, O, CO,, CHs"
und OH.

lonenstrom =108 i
TG % DSC (uvimg)
polyHIPEox __N2 29,901 mg: RGE-Pt3-Pt8; 150 mi/min N2 Slugovc, 18.4.2012

36°C . 1015°C, 10 Kimin

277% 14

1004 16
1150 G 431%
1810°C

—_———

30.84% (10157 °C)

eeeeeeeeeeeee

Figure 65: TG/DSC-MS curve for thermal decompositiorof polyHIPE (provided by Sebastijan Kovacic)
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For preparatin of active material, 40% na-silicon (Nanostructures and Amorphous Mater
Inc., 50-70 nfpwas encapsulated in the porous structure of ohgner during polymesation.
The rav material was provided by Sebastijan Kovacic framstitute for Chemistry an
Technology of Materials at TU GraThe polymer was dried and ball milled before it \
dispersed in acetone with different ratios of greplQingdac. Decomposition was caed
outat 1173 K for 2 hours under argon atmospl The mass loss after thermal decomposi
gradually increased with increasing amount of payn(18.6 % for the ratio 30
Si/polyHIPE and 70% graphite, 24.5% for 40:60 31.7% for 50:50). Due t
inhomayeneous distribution the determination of the r@alount of silicon in the activ
material is critical.For electrochemical characterisation electrode slurry was prepar
(table 1% and it was coatedn copper foil bydoctor blade method, padried at333 K (air)
and finally dried at 393 Kinder vacuur (10° mbar) for 24 h.

Table 17: Electrodeslurry composition

components composition [%]
active material Si/IC 88
binder NaCMC
conducting additive carbon nano tubes 5
solvent H.O

g
Silicon
%e W B
. b

{ 8 »?'A

I g \
(i : > R . 1
Wb Stediiis X k@'w
WD: 8.00 mm VEGA3 TESCAN

il VARTA
| AISf0 INNoVaTion

Figure 66: SEM image of the active materia(polyHIPE with silicon)
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Figure 67: CV measurement (second cycles; scan rated pV s?) of electrodes with three different graphite

contributions

Table 18: Comparison of the theoretical and practichcapacity of active material with different graphite contributions

graphite theoretical capacity practical reached capacity [%] of theoret.
contribution [%)] [mAh g} [mAh g} capacity reached
70 981 589 60
60 1268 615 49
50 1542 814 53
800_-,1 e delith, cap. 70% graphitg
i lith. cap. 70% graphite
7004« A delith. cap. 60% graphitg
_’“ v lith. cap. 60% graphite
T eodv e e delith cap.50% graphite
< *4 <« lith. cap. 50% graphite
R
E‘ 5002
S
8 00~
©
s ]
L 300
S ]
2
2 200+
100_- _.70% graphite: 1.88 mg.
60% graphite: 1.73 mg
71 50% graphite: 1.44 mg
or——T—T—T 777" 7 T
0 5 10 15 20 25 30 3 40 45 50

cycle number

Figure 68: Comparison of CCC of active material wih different graphite/silicon ratios; c-rate: 0.5 C
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Figure 67 shows the second cycles from CV measurefoedifferent graphite contributions.
The reduction peaks, appearing in the potentiajeametween 0.0-0.3 V correspond to the
insertion of lithium ions into the silicon/graphit@st structure. The anodic peak at around 0.4
and 0.5 V could be attributed to the de-alloyinggass of LiSi alloys [110] [111]. It is
obvious that this peaks are increasing with deangagraphite content.

Constant current cycling of active material witlifelient graphite/silicon ratios is shown in
figure 68. As expected, the higher the silicon eahtthe more tremendous becomes the
capacity fading. Table 18 shows, that the pradiicalached capacity is about 50-60% lower
than the calculated theoretical capacity of thesteve materials. It is believed, that during
manufacturing process of the polymer, active gilicoay be turned into inactive silicon
components like SiQor SiC. Therefore, no further investigations weaeried out with Si/C

composites based on polyHIPE as decomposable polyme

4.3.2. Polydicyclopentadiene as decomposable polymer forrgparation of Si/C

composites

DCPD was polymerised by a cationic initiating syst@\ICl; dissolved in dichloromethane).
The monomer contains two polymerisable double borithe norbornenic and the
cyclopentenic double bonds [112]. PolyHIPE is puth by ring opening polymerisation,
whereas in this case the polymerisation was cawigdhrough breaking the double bonds.
Investigations have found, that structural unitspdpced during polymerisation, are

depending on the solvent used [112] (figure 69).

A=l - A,
/ - +
I Il

Figure 69: Predicted structural units produced during polymerisation of DCPD with AICl; in CH,ClI,

The polymerisation was carried out in a glass flasker argon atmosphere. The monomer
was dissolved in dichloromethane and the polymgoisavas initiated by adding 0.015 M
AICl .
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The solution was stirred for 15 min. at room terapare before a mixture of nano-silicon and
graphite (Qingdao) was added. After 200 hours, PD@®&s precipitated by adding an excess
of methanol and the obtained solid was washed migthanol and dried to constant weight
[112]. Afterwards the polymer/Si/graphite mixtur@asvpyrolysed under argon atmosphere at
1173 K for 2 hours with a heating rate of 5 K thirFor characterisation, PDCPD was

produced without silicon/graphite mixture accordinghe previous procedure.

1,04

0,94

1580 C=C (acylic, cycliy
C=0 (oxidation)

0,8

0,7 =C-H (cyclic double bond)

=C-H (acylic double bond)
0,64

0,54

0,4

transmittance / %

0,34

0,24 L%

0,14 —— PDCPD

—— Monomer

00— T T
800 1200 1600 2000 2400 2800

3200 3600 4000

wave number / ¢

Figure 70: FTIR-ATR spectra of DCPD and PDCPD prepaed in CH,Cl,

FTIR-ATR spectra of the polymer in comparison te thonomer are shown in figure 70. The
signals at 1610 cthcan be attributed to the cyclopentenic double bamd the vibration at
1580 cnt to the norbornenic double bond [112]. The weaknaiigbetween 2800 and
3200 cnt in the spectrum of PDCPD indicates, that mosthef double bonds are broken,
which is evidence for the presence of unit Il (fig69). The signal at 1700 Enmight
indicate the rapid oxidation of the polymer on air.

Page | 88



Experimental Part Doctoral Thesis Sandra Potz

DSC/uvmgd mass/9

6,0x10° 1,0 - 100
0,8 - 90
5,0x10°- 06 1 80
. -04 470
< 4.0x10° |
= 10,2 60
S i
bt Vv
s 3,0x10° 0,0 - 50
o 4
IS \ --0,2 4 40
2,0x10° \ e 1
. 5]C --0,4 4 30
\ [16] O ]
1,0x10° ! s sz L 06 o 20
(18] H,0 \ --0,8 4 10
0’0_ — e E_ S ———————————— 10 _- 0
T T T T T T T T T T T T )
100 200 300 400 500 600 700

temperature / °C

Figure 71: TG/DSC-MS curve for thermal decomposition of PDCPC
According to TG/DSGYS measureme (figure 71) a two step reaction is ocring during
thermal decomposition of PDCPD. The first step os@t 423 K, which can be contributec
decomposition of remaining monomer. The second stey73 K can be assigned
conversion of the polymer to cerbon black. After pyrolysis, 137% carbon blackould be
obtained from the polymer. The main decompositimupcts are CO, ,0, OF and CH*.

Summenspektrum

(a)

0 2 4 G g
Fkalenbereich 105257 cts Cursor: 0.000

Sum Spectrum

(b)

SEM HV: 20.0 KV : 8.1 L VEGA3 TESCAN
SEM MAG: 3.00 kx
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Figure 72 EDX spectra of the active material before (a) andfter (b) pyrolysis and SEM image of the active marial

after pyrolysis (c)
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The EDX analysis of the Si/C composite before pysisl indicates the presence of impurities
(Al, CI, S), that can be attributed to the initrgfisystem of the polymerisation (figure 72a).
As revealed in the EDX spectrum of the materia¢raftyrolysis (figure 72b), all impurities
disappear Figure 72c shows a SEM image of the active mdtaftar decomposition of the
polymer at 1173 KGraphite particles, coated with a mixture of naiicem and amorphous

carbon can be identified.

9x10° 5x10°
8X10w-. (a) silicon (ca. 22%) (b)
7x10° 4x10°
leow—-
5X1019_. 2 3x10° graphite 2H (ca. 71%)
- E
4x10° 8 graphite 3R (ca. 7%)
g 2x10° 1
3x10°
9 _|
2x10" 1 1ad®
1x10° u ]
0_. #_,_)\ A __I o
: ; : : : . | r T r T . : . : .
2,0x10° 4,0x10° 6,0x10° 8,0x10° 4,0x10° 4,5x10° 5,0x10° 5,5x10° 6,0x10° 6,5x10°
position [°2 Theta] (Cu) position [°2 Theta] (Cu)

Figure 73: XRD spectra of Si/C composite with PDCPDas decomposable polymer after pyrolysis at 1173 Kull
spectrum (a) and detailed view (b)

In the XRD spectra of active material after decosifpan (figure 73 no indication for the
formation of electrochemical inactive silicon compds like SiC or SiQcan be found. As
stated in literature, SiC formation takes placenese relative low temperatures of around
1173 K, mainly influenced by the chemical compasitof the decomposable polymer [113]
[114] [115] [116]. For the calculation of the sgexicapacity of the active material it is
important to know the amount of SiC since it isséectrochemically inactive compound.

An electrode slurry was prepared (table 17), coppiérvas coated with the slurry by doctor
blade method, predried at 333 K (air) and finallied at 393 K under vacuu(@0> mbar) for
24 h. Several active materials were prepared wéhation of different parameters, like

silicon content and particle size of the nano-siliparticles (table 39
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Table 19: Different active materials with DCPD as deomposable polymer, prepared for electrochemical
characterisation

ratio si:graphite:C si particle size
50% DCPD  50% Si/graphite/C 20:80:0 50-70 nm
50% DCPD 50% Si/graphite/C 20:70:10 30-50 nm
50% DCPD  50% Si/graphite/C 20:80:0 30-50 nm
50% DCPD 50% Si/graphite/C 30:60:10 30-50 nm
50% DCPD  50% Si/graphite/C 30:70:0 30-50 nm

4.3.2.1.Active material with a silicon:graphite ratio of 20:80 and silicon particle size
of 50-70 nm

300

200

100

current / mA
KN
o
?

-200

-300

——50% DCPD + 50 % Si/graphite (20:80) 50-70 nm, 173.08 mg

-400+ —— Reference: Si/graphite without decomposable palyter3 K; 0,90 mg

— ' 1 ‘*+ T ' T ‘* T ‘* T T T T T 7
0,0 0,2 0,4 0,6 0,8 1,0 1.2 14 1.6

potential vs. Li/Li/V

Figure 74: CV measurement (scan rate: 30 UV of active material composed of PDCPD and silicogfaphite (20:80) with
silicon particle size of 50-70 nm

Table 20: Corresponding lithiation and delithiation capacities of the second cycle of CV measurement (figure 74)

delith. cap./mAh g* lith. cap./mAh g* rev/% mass/mg
Si/gra 20:80; 1173 K 708.1 737.6 96.0 1.08
reference 694.2 773.5 89.7 0.90
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Figure 75: CCC measurement (0.5 C) of active material composexf PDCPDand silicon/graphite (20:80) with silicon particle
size of 50-70 nm
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Figure 76: Irreversible cumulative efficiency of active material based on DCPD and Si/graphite (280) with silicon
particle size of 50-70 nm
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As shown in the cyclic voltammogram (figure 74) thxidation peak of silicon (0.4 — 0.5V
vs. Li/Li") is very distinctive after heat treatment of tiotivee material at 1173 K. Therefore it
is assumed, that no inactive silicon compounds Vi@raed during heat treatment. The lower
capacity compared to the constant current cyclituglys can be explained by the higher
current load during the CV measurement. A reveesiiapacity (0.5 C) of 850 — 900 mAH g
could be achieved with this composition during finst 25 cycles and it is slightly higher
compared to the reference. A possible explanasotine improved connection between the
particles when the active material is embedded incasbonaceous matrix through
decomposition of a polymer. The capacity fade dp&f cycles is 19% for the active material
with decomposable polymer and 27% for the referemzgerial. Figure 76 shows the
irreversible cumulative efficiencies of the cycliaydies. The lowest irreversible cumulative
efficiency and therefore the best capacity retentxhibits the electrode with the new

silicon/graphite composite.

The calculation of the theoretical achievable capas critical due to losses of silicon and
graphite during different preparation steps. Theesf the accurate amount of polymer
couldn’t be determined. When the polymerisatioDGPD was carried out without a mixture
of silicon and graphite, about 60% of the monomas wonverted into the polymer.

After decomposition of polymer without silicon agdaphite, a carbon yield of about 15%
could be achieved, independent of the decompodiéimperature. Therefore, the real amount
of polymer and the carbon content after decommositbuld just be estimated. The mass loss

during decomposition at 1173 K comes to 32%.
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4.3.2.2 Active materials with a silicon:graphite:C ratio of 20:80:0 and 20:70:10 and
silicon particle size of 30-50 nm
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Figure 77: Second cycles ofCV measurement (scan rate: 30 pV Y of active materials composed of PDCPD an
silicon/graphite (20:80) with silicon particle sizeof 30-50 nm, pyrolysed at 1173 K

Table 21:Corresponding lithiation and delithiation capacities of the second cycle of CV measurement (figure 77)

delith. cap./mAh g* lith. cap./mAh g* rev./%  mass/mg
Si/gra 20:80; 1173 K 915.5 950.2 96.3 0.90
Si/gra/C 20:70:10; 1173 K 723.8 774.4 935 1.17
Reference 632.5 673.0 94.0 1.14
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Figure 78: CCC measurement (0.5 C) of active matais composed of PDCPD and silicon/graphite (20:8®ith silicon
particle size of 30-50 nm, pyrolysed at 1173 K
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Figure 79: Irreversible cumulative efficiencies of active matgals based on DCPD and Si/graphite (20:80) with kton

particle size of 30-50 nm
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Figure 80: Rate capability test of active materials based on ©PD and Si/graphite/C (20:70:10) with dicon particle
size of 30-50 nm

As stated in chapter 4.3.2.1., the calculation lod theoretical capacities of the active
materials is quite complicated. The mass loss efattive material with 10% carbon content
amounts 4%, whereas the mass loss of active mlatetieut addition of amorphous carbon
is at least 16% after decomposition at 1173 K.
The active material composed of silicon/grahite820and pyrolysed PDCPD shows the
highest reversible lithiation- and delithiation eafies with the slightest capacity fade (13%
over 50 cycles) and the lowest irreversible cunngaefficiency (figure 78and figure 79.
This also applies for the rate capability teigufe 80.
The capacity fade of the other material, where amous carbon was added is comparable
(15%). This material shows lower reversible littoat and delithiation capacities as well as
the highest irreversible cumulative efficiencieheTresults of the rate capability tests
continue this trend.
The worst performance is delivered by the referezleetrode. It contains no decomposable
polymer for cushioning the volume expansion otsifi during lithiation. It shows the lowest
capacities as revealed in the cycling study arterrate capability test.
As the results show, smaller nano-silicon partisizes are more favourable in terms of
capacity retention and rate capability. Therefduether active materials were prepared with
nano-silicon with a particle size of 30-50 nm.
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4.3.2.3.Active materials with a silicon/graphite:C ratio of 30:70:0 and 30:60:10 after
heat treatment at 1173 K
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Figure 81: Second cycles of CV measurement (scantea 30 pV s') of active materials composedof
PDCP and silicon/graphite (30:70) with silicon pairicle size of 30-50 nm, pyrolysed at 1173 K

Table 22:Corresponding lithiation and delithiation capacities of the second cycles of CV measurement (figure)81

delith. cap./mAh g* lith. cap./mAh g* rev./% mass/mg
Silgra/C (30:60:10) 482.7 519.9 92.8 118
Si/gra (30:70) 843.7 897.4 94.0 0.87
reference 703.7 824.1 85.4 1.23
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Figure 82: CCC measurement (0.5 C) of active mateais composed of PDCPD and silicon/graphite (30:7@&nd
silicon/graphite/C (30:60:10) with silicon particlesize of 30-50 nm, pyrolysed at 1173 K
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Figure 83: Irreversible cumulative efficiencies ofactive materials based on DCPD andSi/graphite (30:70) anc
Si/graphite/C (30:60:10) with silicon particle sizeof 30-50 nm, pyrolysed at 1173 K

As mentioned before, the determination of the ciépadc this active material is difficult, due
to material losses during different polymerisatsteps and unknown amount of carbon, that
is formed during heat treatment at 1173 K. Figuzer@veals the reversible lithiation- and
delithiation capacities of active material composefi a mixture of PDCPD and
silicon/graphite/carbon 30:60:10 and silicon/gr&pl3i0:70, respectively.

The lowest capacity fade during 50 cycles exhithiessmaterial composed of silicon/graphite
30:70 and decomposed PDCPD with 15% followed bycdr®on containing material with a
capacity fade of 20%, while the capacity fade @& thference material amounts 25%. The
irreversible cumulative efficiencies continue ttiend €igure 83.
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Comparison of the results:

According to the results the lowest irreversiblenclative efficiencies can be achieved with
active material without addition of carbon blacks@reduction of nano-silicon particle size
has a positive effect on cyclability and capacgiention. The best results and lowest capacity
fade can be achieved with the material compos&®D¢f0 nm silicon particles and a silicon to
graphite ratio of 20:80, pyrolysed at 1173 K footWwours. Increasing the amount of nano-
silicon doesn't lead to higher capacity but ratbescapacity fade and negatively influences

the capacity retention at higher rates.

An advantage of this polymer is the cheap raw nat@nd the good carbon yield after

polymerisation. A disadvantage is the toxicity loé imonomer.
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4.3.3. Polymethyl methacrylate/polyethylenglycol dimethacylate as decomposable

polymer for preparation of Si/C composites

The polymer was prepared via in-situ bulk polymeian, using a radical chain initiating
system. Ethylenglycol dimethyacrylate acted ass:fioking agent. The synthesis was carried
out in a glass flask under argon atmosphere byngitie monomers (50 mol% of MMA and
50 mol% of EGDMA) together with 0.1 weight% of thadical chain starter (BPO) and a
nano-silicon/graphite mixture. The ratio of monommaixture and nano-silicon/graphite
mixture was 67:33 w/w. The mixture was allowed wlymerise for 3 hours at 358 K.
Afterwards the polymer/silicon/graphite mixture wasst-cured at room temperature for 48
hours under vacuum [117] [118]. Polymer/Si/graphiietures with different ratios of nano-
silicon and graphite were prepared (table 23) dmebd mixtures were heat treated under
argon atmosphere at 1173 K for 2 hours with a hgatte of 5 K mitt. For characterisation

the polymer was produced without silicon/graphitéxtare according to the previous

procedure.
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Figure 84: FTIR-ATR spectrum of 50 mol% MMA and 50 mol% EGDMA pr epared via in-situ bulk polymerisation
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A FTIR-ATR spectrum of the polymer without nanaedh/graphite mixture is shown in
figure 84. The range between 3000 tm 2800 crit contains C-H-stretching vibrations of

aliphatic carbon hydrates.

As reported in literature, characteristic vibratlmands for PMMA are stretching vibrations of
CH, at 2958 crit, 2933 cnit and 2860 ci, alpha-methyl stretching vibrations at 3000°tm
2958 cnt and 2930 cm and ester-methyl stretching vibrations at 2995'@nd 2948 ci.

At 1730 cm a characteristic signal for vibration of the carjagroup is occurring and in the
range between 1500 ¢hand 1400 cil, bands indicating the appearance of Os;@Hn be
observed. The signals between 1300'camd 1100 cil can be accounted to C-O-C
vibrations of the ester group [119].

According to TG/DSG-MS measurement (figure 85)va step reaction was occurring during
thermal decomposition of PMMA/PEGDMA. The first gt®ok place at 623 K and could be
attributed to decomposition of remaining monomehe Tsecond step at 723 K could be
assigned to conversion of polymer into carbon blakk 773 K, the whole polymer was
decomposed. After pyrolysis, 4-7% carbon black ddug obtained from the polymer. The
main decomposition products were £H,0, OH, CH*, CsHs, methyl methacrylate
(monomer) and allylacetate (figure 85).
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Figure 85: TG/DSC-MS curve for thermal decomposition of PMMA/PECDMA
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Figure 86: SEM image and EDX spectrun of the active material afterpyrolysis
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Figure 87: XRD spectrum of Si/C composite with IMMA/PEGDMA as decomposable polymer after pyrolys at 1173 K
and a composition of 80% graphite and 20% nar-silicon (50-70 nm)

Figure 87 shows XRD spectrur of the active material after decomposition at 1K73 here
is no indication for the formation of electroctical inactive silicon compoun like SiC or
SiOx[114]. An electrode slurry was preparetable 17, it was coated on copper 1 by doctor
blade method, predried 383 K (air) and finally dried at 393 kinder vacuui (10° mbar) for
24 h.Several active materials were prepared with vameatif different arameters, likinano-

silicon particle size and silicc to graphite ratio (table 23).
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Table 23: Different active materials prepared with MMA/EGDMA as decomposable polymer

ratio si:graphite:C si particle size
67% Polymer  33% Si/graphite/C 20:80:0 50-70 nm
67% Polymer 33% Si/graphite/C 20:70:10 30-50 nm
67% Polymer  33% Si/graphite/C 20:80:0 30-50 nm
67% Polymer 33% Si/graphite/C 30:60:0 50-70 nm
67% Polymer  33% Si/graphite/C 30:70:0 30-50 nm
67% Polymer 33% Si/graphite/C 40:60:0 50-70 nm

4.3.3.1.Active material with a silicon/graphite ratio of 2080 and 50-70 nm silicon

particle size

current / mA g

—— 67% PMMA/PEGDMA + 33% si/graphite (20:80), 50-70 sm1173 K; 1.08 mg
—— Reference: si/graphite (20:80) without decompasablymer; 1173 K; 0.90 mg
-1200 T T T T T T T T T T T T T T T T

0,0 0,2 0,4 0,6 0,8 10 1,2 14 1,6

potential vs. Li/Li / V

Figure 88: Second cycles of CV measurement (scantea30 pV s') of active material composed of PMMA/PEGDMAand
silicon/graphite (20:80) with silicon particle sizeof 50-70 nm

Table 24: Corresponding lithiation and delithiation capacities of the second cycles of CV measuremefig(re 88)

delith. cap./mAh g* lith. cap./mAh g* rev./% mass/mg
Si/gra 20:80, 1173 K 840.3 921.1 91.2 1.08
reference 694.2 773.5 89.7 0.90
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specific lithiation capacity / mAh'lg

67% PMMA/PEGDMA + 33% si/graphite (20:80); 50-70;t73 K; 1.05 mg; lithiation capacity

67% PMMA/PEGDMA + 33% si/graphite (20:80); 50-70;rth73 K; 1.05 mg; delithiation capacity

( ]
v
® Reference: silicon/graphite without decomp. polyried4 mg; lithiation capacity .
L 4

Reference: silicon/graphite without decomp. polyried4 mg; delithiation capacity

7 T
10

T

T
20

T

T
30

T

T T
40

50

cycle number

Sandra Potz

Figure 89: CCC measurement (0.5 C) of active mataal composed of PMMA/PEGDMA and silicon/graphite (20:80) witt

silicon particle size of 50-70 nm
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Figure 90: Irreversible cumulative efficiency of ative material based on PMMA/PEGDMA and Si/graphite £0:80) with

silicon particle size of 50-70 nm
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The calculation of the carbon content after decasitpm of this polymer/silicon/graphite
mixture is easier compared to the active matenidhe section before. The polymerisation is
carried out via bulk polymerisation and the wholtare is transferred into the oven for
decomposition. A critical factor here is the homugjey of the material after polymerisation.
Domains, containing more or less silicon and graplare formed. Therefore, the c-rate
couldn’t be calculated that accurate. The massaitss heat treatment amounts between 50%
and 60%.

A capacity of 920 mAh§could be achieved with the material after decoritipmsat 1173 K
(figure 89). The capacity fade after 50 cycles ami®l6% for the Si/C composite with

decomposed polymer and 27% for the reference ragtezspectively.

The lowest irreversible cumulative capacity (fig@@ exhibit the new active material. The
results clearly show that an improvement in cycltapility and capacity retention could be

achieved.
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4.3.3.2. Active material with silicon/graphite ratio of 30:70 and 50-70 nm silicon
particle size

current/ mA ¢

—— 67% PMMA/PEGDMA + 33% si/graphite (30:70), 50-70;ntt73 K; 1.02 mg
1 —— Reference, si/graphite (30:70) without decompaspblymer; 0.95 mg
-500 T T T T T T

—T T T
0,0 0,2 0,4 0,6 0,8 10 1,2 14 1,6

potential vs. Li/Li / V

Figure 91: Second cycles oEV measurement (scan rate: 30 pVY of active material composed of PMMA/PEGDMA and
silicon/graphite (30:70) with silicon particle sizeof 50-70 nm

Table 25:Corresponding lithiation and delithiation capacities of the second cycles of CV measurement (figure)91

delith. cap./mAh g* lith. cap./mAh g* rev./% mass/mg
Si/gra 30:70, 1173 K 680.9 737.9 92.3 1.02
reference 939.0 1050.2 89.4 0.95
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specific lithiation capacity / mAh'lg

600
400

1 @ 67% PMMA/PEGDMA + 33% si/graphite (30:70); 50-70;rt73 K; 0.98 mg; delithiation capacity
200 @ 67% PMMA/PEGDMA + 33% silgraphite (30:70); 50-7@;rL.173 K; 0.98 mg; lithiation capacity

A Reference: silgraphite (30:70) without decompaspblymer; 1173 K; 1.06 mg; delithiation capacity
41 ® Reference: silgraphite (30:70) without decompaspblymer; 1173 K; 1.06 mg; lithiation capacity
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Figure 92: CCC measurement (0.5 C) of active material composesf PMMA/PEGDMA and silicon/graphite (30:70) with
silicon particle size of 50-70 nm
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Figure 93: Irreversible cumulative efficiency of active materal based on PMMA/PEGDMA and Si/graphite (30:D)
with silicon particle size of 50-70 nm
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The mass loss after heat treatment amounts bets@@nand 60%. A delithiation capacity of
about 1170 mAh § could be achieved in the first cycle with the naetive material and
about 1050 mAh §with the reference electrode (figure 92). The citgdade after 50 cycles
amounts 16% and 24%, respectively.

The lowest irreversible cumulative efficiencieggiie 93) reveals the active material with
nano-silicon, embedded in a matrix of the decomgp@sdymer.

Again, the worst performance shows the referencdenmad Si/C composit without
decomposable polymer.

4.3.3.3.Active materials with a silicon/graphite ratio of 20:80 and silicon particle size
of 30-50 nm

current / mA g

67% PMMA/PEGDMA + 33% si/graphite (20:80), 30-50 sin1173 K; 1.26 mg
67% PMMA/PEGDMA + 33% si/graphite/carbon (20:70;1%0)-50 nm si; 1173 K; 1.10 mg
1 Reference: si/graphite (20:80) without decompospdlgmer, 30-50 nm si; 1.14 mg
-600 ,

T — T | L T I I
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1.4 1.6

potential vs. Li/Li / V

Figure 94: Second cycles o€V measurement (scan rate: 30 pV'Y of active materialscomposed of PMMA/PEGDMA
and silicon/graphite (20:80) and silicon/graphite/arbon (20:70:10) respectively, silicon particle sez 30-50 nm
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Table 26: Corresponding lithiation and delithiation capacities of the second cycles of CV measuremefiggre 94)

delith. cap./mAh g* lith. cap./mAh g* rev./% mass/mg
Si/gra 20:80, 1173 K 781.9 732.4 93.9 1.26
Si/gra/C 20:80:10, 1173 K 551.7 597.0 924 1.10
Reference 632.5 673.0 94.0 1.14
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Figure 95: CCC measurement (0.5 C) of active materials comged of PMMA/PEGDMA and silicon/graphite (20:80) an«
silicon/graphite/carbon (20:70:10) respectively, Bcon particle size: 30-50 nm
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Figure 96: Irreversible cumulative efficiencies of active matgals based on PMMA/PEGDMA and Si/graphite (20:80)and
Si/graphite/C (20:70:10) respectively, silicon paitle size: 30-50 nm
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Figure 97: Rate capability test of active materialdased on PMMA/PEGDMA andSi/graphite (20:80) and Si/graphite/(
(20:70:10), silicon particle size: 30-50 nm

The mass loss after heat treatment for the mateoiataining amorphous carbon amounts
60% and the mass loss of material without carboousts 40%.

As expected, the lowest capacities could be acHievih the carbon black containing
sample. Interestingly, this Si/C composite matemreakeals a superior cycling stability with a
capacity fade of 11% after 50 cycles (figure 95) dahe lowest irreversible cumulative
efficiency (figure 96). The capacity fade for thber electrodes amounts 17% for each.

Rate capability tests shouiglire 97, that the capacity retention at higher c-rateslade
improved by embedding silicon nano-particles into carbonaceous matrix through
decomposition of a decomposable polymer. Also, ddelition of carbon black before
decomposition improves the rate capability of tleeteode but at the expense of capacity.
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4.3.3.4. Active materials with a silicon/graphite atio of 30:70 and silicon particle size
of 30-50 nm

— 67% PMMA/PEGDMA + 33% si/graphite (30:70), 30-50 sin1173 K; 1.04 mg
—— Reference: si/graphite without addition of decopgdymer (30:70); 30-50 nm si; 1.23 mg

current/ mA d

0+ FF77—
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6

potential vs. Li/Li / V

Figure 98: Second cycles o€V measurement (scan rate: 30 uVY of active materials composed oPMMA/PEGDMA
and silicon/graphite (30:70) with silicon particlesize of 30-50 nm

Table 27:Corresponding lithiation and delithiation capacities of the second cycles of CV measurement (figure)98

delith. cap./mAh g* lith. cap./mAh g* rev./% mass/mg
Si/gra 30:70, 1173 K 778.9 825.5 94.4 1.04
reference 703.7 824.1 85.4 1.23

specific lithiation capacity / mAh'lg

600
4004
4 @® 67% PMMA/PEGDMA + 33% si/graphite (30:70), 30-50;rih73 K; 1.05 mg; lithiation capacity
200 @ 67% PMMA/PEGDMA + 33% si/graphite (30:70), 30-50;rih73 K; 1.05 mg; delithiation capacity
| @ Reference: si/gra (30:70) without decomp. polyr86r50 nm; 1173 K; 1.03 mg; lithiation capacity
4 A Reference: si/gra (30:70) without decomp. polyr88r50 nm; 1173 K; 1.03 mg; delithiation capacity
0 . , . , . , . , .
0 10 20 30 40 50

cycle number

Figure 99: CCC measurement (0.5 C) of active materials compaseof PMMA/PEGDMA and silicon/graphite (30:70
with silicon particle size of 30-50 nm
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Figure 100: Irreversible cumulative efficiencies of active matgals based onPMMA/PEGDMA and Si/graphite (30:70)
with silicon particle size of 30-50 nm
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Figure 101: Rate capability test of active materiad based on PMMA/PEGDMA and Si/graphite(30:70) with silicor

particle size of 30-50 nm
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The mass loss after heat treatment amounts abétit A expected, the highest capacities of
1220 mAh ¢ could be achieved with the new active materiarafiecomposition at 1173 K
(figure 99). The capacity fade of this materia® after 50 cycles. The reference electrode
could achieve a first delithiation capacity of 108@h g* and a capacity fade of 25% during
50 cycles. The rate capability of active materiahtaining 30% nano-silicon can clearly be
improved when silicon particles are embedded in abanaceous matrix through
decomposition of polymersidure 103). With this high silicon content the referencecélede
exhibits a bad cycling stability at higher c-rates.

Comparison of the results:

In general, a tendency can be observed, that actaterial with silicon to graphite ratio of
20:80 and a silicon particle size of 30-50 nm shtivesbetter electrochemical performance. A
decomposition temperature of 1173 K and decompwosduration of two hours also seems to
be beneficial for the electrode performance.

Nevertheless, the results clearly show that an orgment of cycling stability and rate
capability could be achieved when silicon partickes embedded in a carbonaceous matrix
through high temperature pyrolysis of decomposadadbmers compared to conventional
produced silicon/graphite composite electrodes.

Advantages of the used polymer are that it enahlesasy production with cheap raw

materials.
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4.3.4. Conclusion

In this doctoral thesis, silicon-graphite compogsitaterials were developed, based on three
different at high temperatures decomposable polgmEnese active materials for the anode
of LIBs consisted of graphite particles, coatedhwitano-silicon and embedded in a
carbonaceous matrix. Such architecture serves dhecyar purpose to accommodate huge
volume changes, silicon particles are undergoingndurepeated lithiation and delithiation
processes. In addition, carbon is an importantel@Spg agent to prevent particle-particle

interactions of nano-silicon, also known as eleztteanical sintering.

It was found, that pyrolysis of polydicyclopentatke(PDCPD) and polymethyl methacrylate
(PMMA) crosslinked with polyethylenglycol dimethgtate (PEGDMA) could provide
appropriate carbon matrices to prevent pulverisatd silicon during extensive cycling.
However, nano-silicon encapsulated in polyHIPEdtme didn't show sufficient capacities.
It is believed, that inactive silicon compounds evgroduced during the polymerisation

process.

The carbon coated silicon nanocomposite electredesed an improved cycle life and rate
capability at higher rates compared to conventigmalduced Si/C composite electrodes,
without implementation of decomposable polymerssistrongly believed that the carbon
layer after decomposition of the polymer is resgldagor enhanced dimensional stability of
the silicon particles during lithiation and deldtion processes and the improved cycle life of
the electrode. Additionally, the carbon layer imm@® the electrical conductivity of the

composite.

Nevertheless, the efforts in research and develapuoifehigh capacity electrodes need to be

continued to find utilisation in commercial eneggrage systems.
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5. APPENDIX

5.1. LIST OF CHEMICALS

Doctoral Thesis

chemicals supplier purity
Aceton Merck >99.8 %
Aluminium wire (@ ~ 1.5 mm) Aldrich 99%
Aluminiumchloride Aldrich 99.99 %
Basionics" Al01 BASF

Chloroform Sigma Aldrich >99.5%
Dichlormethane Roth >99.0 %
Dicyclopentadiene Aldrich

ENPLATE Cu 872-A Enthone Cookson Electronics

ENPLATE Cu 872-B Enthone Cookson Electronics

ENPLATE Cu 872-C Improved Enthone Cookson Electeni

Ethylene Glycol Dimethacrylate Sigma Aldrich 98%
Ethyl-methyl-imidazoliumchloride Alfa Aesar

Graphit Nanshu graphite high purity
Hexadecyltrimethylammoniumchloridéldrich >98 %
Hydrochloric acid Merck 37%
Lithiumcobaltoxide

Lithiumironphosphate

Luprex® A75 Benzoyl Peroxide Sigma Aldrich 75%
Methyl Methacrylate Sigma Aldrich 99%
N-methyl-2-pyrrolidone Alfa Aesar 99.5 %
Polyvinylidenfluorid

Potassium hydroxide Roth >85%

Silicon nano powder, 30-50 nm
Silicon nano powder, 50-70 nm
Sn(ll)chloride

Sodium carboxymethylcellulose
Sodium chloride

Sulfuric acid

Super P Li

UDIQUE 879 W

UDIQUE 891 Nickel concentrate
UDIQUE 892 Reducer
UDIQUE 893 Stabilizer

Nanostructures & Aphous Materials Inc.  98%
Nanostructures & Aphous Materials Inc.  98%

Sigma Aldrich 95-97 %
Enthone Cookson Electronics

Enthone Cookson Ebtetts

Enthone Cookson Electronics

Enthone Cookson Electronics
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5.2. LIST OF DEVICES

Agilent 5975 C VLMSD mass spectrometer

Agilent 7890 A gas chromatograph

Agilent HP5-MS 5% phenyl methyl silox column
Autolab PGSTAT 100 & 10 A Booster

Biologic Potentiostat/Galvanostat VMP3 and MPG2
Braun Labmaster sp glove box

Frontier Laboratory PY2020iD Pyrolyzer

Glassy carbon electrode (BAS Inc. Tokyo, 6.0 mm003nm)
Julabo F32 thermostat

Knick 703 conductivity meter

MACCOR Series 4000 battery tester

Nabertherm RHTC 80-230/15, Controller B180 (Oven)
Oxfort Instrument INCAXx-act

Platinum electrode (BAS Inc. Tokyo, 6.00 mm x 1.&)m
Tescan Vega 3 scanning electron microscope

Varian Mercury 300 MHz NMR spectrometer

5.3. LIST OF ABBREVIATIONS

AL e aluminium ion

BET .o, Brunauer, Emmet and Teller theory
BPO ..o e benzoyl peroxide

CCC i constant current cycling

CNT e carbon nano tubes

CV e cyclic voltammetry

DCPC ... dicyclopentadiene

DEC .. e diethyl carbonate

DMC ..o e dimethyl carbonate

EC e ethylene carbonate

] 5 ) energy dispersive x-ray spectroscopy
EGA...., evolved gas analysis

Sandra Potz
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EGDMA/PEGDMA ........ovvvevivvvviiniinns ethyleglycol dimethacrylate

EV electric vehicle

EMIMCI....oniiiieee e 1-ethyl-3-methylimidazolium chloride

FTIR-ATR ..o faurier transform infrared spectroscopy - attéaeddotal
reflectance

GCIMS ..o gas chromatography/mass spectrometry

| ionic liquid

LCO i lithium cobalt oxide

L e lithium ion

LIB e e lithium ion battery

MHZ..ooiii e mega hertz

MMA/PMMA ... ntetl methacrylate

NACMC ..o e sodium carboxymethylcellulose

NHE........ccoee, normal hydrogen electrode

NMR ... nuclear magnetic resonance spectrometry

OCV e open circuit voltage

PE ..o polyester

e polyethylenterephthalat

Pl platinum

PVD..ooor, physical vapour deposition

PVDF....oooee polyvinylidene fluoride

PY-GCIMS .....oviiiiiiieiiiiie pyrolysis gas chromatography mass spectrometry

RTIL e e room temperature ionic liquid

SEl solid electrolyte interphase

SEM...ooiiiiiiiiieeeeeee e secondary electron microscopy

S silicon

SIC e silicon carbide

SIC oo silicon carbon composite

TGIDSC.....oiiiiieieeeeeeee e thermogravimetry-differential scanning calortmye

VC o, vinylene carbonate

XRD oo x-ray diffraction
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