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Abstract

Lithium-ion batteries represent the state-of-the-art technology in rechargeable energy
storage devices and have become not only omnipresent power sources for mobile
electronics, but their usage has also expanded into power sources for electric vehicles. They
are also becoming an attractive option for stationary energy storage units for renewable
energies. The fast development of these applications leads to increasing demands

concerning higher energy and power densities, as well as longer life cycles.

To achieve these requirements, much research is performed on new negative electrode
materials with high specific capacities, such as alloy-type materials. In this context, silicon
attracts significant attention as potential replacement of so far used carbonaceous materials
due to its nearly 10 times higher specific capacity, higher safety and stability. However,
silicon negative electrode materials suffer from drastic volume changes of more than 300 %
during lithiation/delithiation and low intrinsic electrical conductivity. Hence, nanosizing of the
silicon is required to reduce the mechanical stress caused by the volume changes and to
shorten the diffusion pathways of lithium ions. Unfortunately, the synthesis of nanosized

silicon materials is a cost-intensive procedure.

Therefore, high energy planetary ball milling is applied in this thesis as a new and cheap
method producing nanosized silicon for lithium-ion batteries. It outlines the influence of
various milling parameters on the particle size distribution and the mechanochemical surface
functionalization caused by the solvent during milling. Furthermore, the electrochemical
performance and characteristics are studied on the basis of simple electrode mixtures and

core-shell structured composite materials produced in a fluidized bed reactor.




Kurzfassung

Lithium-lonen-Batterien reprasentieren die modernste Technologie im Bereich der
wiederaufladbaren Energiespeichermedien und sind heutzutage nicht nur omniprasente
Stromquellen fur mobile Elektronik, sondern deren Anwendung expandierte auch in den
Bereich elektrisch betriebener Fahrzeuge. Desweiteren stellen sie eine attraktive Mdglichkeit
zur Speicherung erneuerbarer Energien in stationar betriebenen Energiespeichereinheiten
dar. Die schnelle Entwicklung dieser Anwendungsmdoglichkeiten fihrt zu einem steigenden

Bedarf betreffend héherer Energie- und Leistungsdichten, sowie langerer Lebenszyklen.

Um diese Anforderungen zu erflillen wird viel Forschungsarbeit beziglich neuer negativer
Elektrodenmaterialien mit hohen spezifischen Kapazitaten, wie zum Beispiel legierungsartige
Materialien, durchgefihrt. In diesem Zusammenhang erregt Silicium besondere
Aufmerksamkeit als potentieller Ersatz fur bisher verwendete kohlenstoffhaltige Materialien,
aufgrund seiner beinahe 10-fach hdheren spezifischen Kapazitat, Sicherheit und Stabilitat.
Jedoch leiden siliciumhaltige Elektrodenmaterialien unter drastischen Volumensanderungen
von mehr als 300 % wahrend der Lithiierung/Delithiierung und einer niedrigen intrinsischen
elektrischen Leitfahigkeit. Daher wird nanoskaliges Silicium benétigt um den durch die
Volumensénderungen verursachten mechanischen Stress zu reduzieren, sowie die
Diffusionswege fur Lithium-lonen zu verkirzen. Leider ist die Synthese von

Siliciummaterialien im Nanometerbereich ein kostenintensives Verfahren.

Demzufolge wird in dieser Doktorarbeit Hochenergieplanetenkugelmahlen als neue und
gunstige Methode zur Produktion von Nano-Silicium fur Lithium-lonen-Batterien angewendet.
Die Arbeit behandelt hierbei den Einfluss diverser Mahlparameter auf die
PartikelgroRenverteilung, sowie die durch das Losungsmittel wahrend des Mahlens
verursachte mechanochemische Oberflachenfunktionalisierung. Desweiteren werden das
elektrochemische Verhalten sowie Charakteristika anhand von einfachen Elektrodenmixturen
sowie Kern-Schale strukturierten Kompositmaterialien, welche in einem Wirbelschichtreaktor

hergestellt werden, untersucht.




Abbreviations

1-M-2-p 1-Methoxy-2-propanol

AA Acrylic acid

ATR Attenuated total reflectance
BADGE Bisphenol A diglycidyl ether

BIB Broad ion beam

BMW Bayerische Motoren Werke
BPR Ball-to-powder weight ratio

CCC Constant current charging

CE Coulomb efficiency

CNT Carbon nanotube

CR Charge ratio

Ccv Cyclic voltammetry

DCP Differential capacity plot

DEC Diethyl carbonate

DMC Dimethyl carbonate

DSC Differential scanning calorimetry
EC Ethylene carbonate

EDX Energy-dispersive X-ray spectroscopy
EMC Ethyl methyl carbonate

FEC Fluoroethylene carbonate

FIB Focused ion beam

FTIR Fourier transform infrared spectroscopy
GC Gas chromatography

GPC Gel permeation chromatography
HEA Hydroxyethyl acrylate

HEBM High energy ball milling

HPA 2-Hydroxypropyl acrylate

HSQ Hydrogen silsesquioxane

LIB Lithium-ion battery

LLO Lithium-rich layered oxide

LTO Lithium titan oxide

MACE Metal-assisted chemical etching
MBE Molecular beam epitaxy

MS Mass spectrometry

NaAlg Sodium alginate




NaCMC
NAM
NCA
NMC
NMP
ocv
PAA
PC
PE
PET
POM
PP
PVDF
SEI
SEM
SHE
SiNP
SINT
SINW
SiQD
SRO
TGA
THF
VC
XRD
YAG

Sodium carboxymethyl cellulose
Nanostructured & Amorphous Materials
Lithium nickel cobalt aluminum oxide
Lithium nickel manganese cobalt oxide
N-Methyl-2-pyrrolidone

Open-circuit voltage

Polyacrylic acid

Propylene carbonate

Polyethylene

Polyethylene terephthalate
Polyoxometalate

Polypropylene

Polyvinylidene fluoride

Solid electrolyte interface

Scanning electron microscope
Standard hydrogen electrode

Silicon nanopatrticle

Silicon nanotube

Silicon nanowire

Silicon quantum dot

Silicon-rich oxide
Thermogravimetric analysis
Tetrahydrofuran

Vinylene carbonate

X-ray diffraction

Yttrium aluminum garnet

Vi



Table of Contents

L INETOTUCTION ..ottt ettt b ettt b e b ens 1
2 NANOSIZEA SIICON ...ttt sttt 3
2.1  General Background on NanOmMaterialS ............cceceiiecienieieenieseeeese e 3
2.2 Bottom-Up Techniques for Nanosized SiliCON.........ccceveveieirininenereeeeeeeeee e 6
2.2.1  Solution Based Precursor REAUCTION...........ccceeerierierieiiieinereseseeeeee e 6
2.2.2  Oxidation Of ZiNtl PRASES........cccviriieieienerereeeeeee e 7
2.2.3  Thermal Decomposition of SIlaNes ..........ccceviiieciiieeee e 8
2.2.4  Thermal Decomposition of Silicon SUbOXIAES..........cccccieieiiiieceiiceceeeee 9
2.3  Top-Down Techniques for Nanosized SiliCON .........ccccoeveieirinienireeeeeeseseseens 10
231 ELChING TECANIQUES ... 10
2311 ChemiCal ELCNING ....o.coiriieieieeee et 10
2.3.1.2 Electrochemical EtChiNG .........cccoeiiieieiiieeeeeeeeee e 12
2.3.2  LASEI ADILION ...ttt 13
2.3.3 High-Energy Ball MilliNg...........cooiiieiiiiecececeeeeeee et 14
2.4 Comparison of the Techniques in Consideration of LIBS ..........cccoevevenieininencncnns 16
3 LithIUM-10N BAEIIES ..ottt sttt 18
3.1  Introduction to Lithium-10Nn BaErIES..........cccoeviriiiiiniiiiiinicccteeeseee e 18
3.2 Positive Electrode MaterialS...........cocoveiriirieiiniieeieere s 21
3.2.1 Layered COMPOUNGS......ccoouieieieiteeiecteeteecte sttt s e et et st e s beeaesbeereebesteessenbesreenns 21
3.2.2  Olivine-Type COMPOUNGS ......c.cceerietiereeteeteertesteeteste e estesteeeesbeeaessesbeessesteeseesesseenns 23
3.2.3  Spinel-Type COMPOUNGS .....ccccceecierieeieiicieeereete e see e e ee s e te e esesseeseensesneenes 23
3.2.4  Other Positive Electrode Materials............cccoeciveineininininiiecececneeseeneens 24
3.3 Negative Electrode MaterialS........ccccceevieieiiiiieiesieceese st eanes 25
3.3.1 Intercalation-Type MaterialS...........ccceviiiecereceee e e 25
3.3.11 Carbonaceous Materials............cceerererinienicreeeere e 25
3.3.1.2 Titanium-Based COMPOUNGS ........cccovieriiieieeeerie et 27
3.3.2  AllOY-TYPE MALEIIAIS.....ccieeeiicieiesteetee ettt sttt st s re e e sreeanas 28
3.3.3  Conversion Reaction-Type Materials...........cccecverireererieceseseese e 29
R T T oL L= 1 0] = T OO OO U OO PR RRRON 30
TR T =1 =T o3 1 0] )Y (= SRS 31
3.6  Silicon as Negative Electrode Material............cccooirieiiieeiinieeeeeeeeeee e 33
3.6.1  Mechanism of Electrochemical Lithiation/Delithiation ............ccccocevevveiinincnenenen 33




3.6.2 Issues Related to Volume Changes During Lithiation/Delithiation...................... 35

3.6.3 Reducing Size to the NaNOSCale ...........ccccevieieiiceeeeeeeee e 37
3.6.4  EIECtrolyte AGItIVES ......couveeieieceeeeceeee ettt st 37
3.6.5  COMPOSItE MALEIIAIS.......c.eccieiiciieieceeeee et e re s 38
EXPErIMENTAI PAIT ...ttt na e 41
4.1 INITOTUCTION ...ttt sttt b e bbb e et et eae b e ebesaenes 41
4.2  Analytical CharacCterizatioN..........cccccueveieeciesiicececeee e ea e reeans 41
4.3  Electrode Preparation and Electrochemical Characterization .............ccccceeveevevennennen. 42
0 T R O V(o [T o] = 1 L=] {2 RS STP 44
4.3.2  Constant Current Charging ........ccccoeeeeeeirereneneneee et 45
4.4  Planetary Ball Milling Of SHICON......cc.couiiiiiiirieee e 46
44.1 MiIllING PArameEters .........oivieiriieeieiee et 50
4.4.2 Influence of the Milling Conditions on the Particle Size Distribution................... 52
4421 Influence of the Rotation SPEEd .........coveveeiiicieieeeeeee e 53
4.4.2.2 Influence of the Ball-to-Powder Weight Ratio...........ccccceeveceveeeececieecenen, 55
4.4.2.3 Influence of the Milling DUration .........c.ccceeeirireninenenereeeeeee e 56
4.4.2.4 Influence of the Milling Solvent and Surface Functionalization ................... 58
4.4.3 Influence of the Milling Conditions on the Electrochemical Performance.......... 70
4.5  Core-Shell Structured Si/C COMPOSILE......cciereeeiicteeeereeeee e 78
451 INEOAUCTION c..eiiiteeetcet ettt ettt 78
A.5.2  SYNINESIS ..ot ettt et be et e teere e besaeenes 79
4521 I [0 Y S 1=] o= = L1 o] o TSP 79
45.2.2 Bottom-Spray-Coating of the Graphite ..........ccccevvveecevieececiceeee e, 80
45.2.3 Pyrolysis of the EPOXY MatriX........ccccevireriieniniereseeiese e 81
4524 Electrode Preparation and Composition of the Composite ...........cceeueuneeeee. 82
45.3  Applicability of Milled Si in Core-Shell Structured Si/C Composites................... 83
4.5.4 Influence of the Si Particle Size on the Electrochemical Performance .............. 88
455 Influence of the CUNG AQENT .......oceeiiceeeeeeee e 94
45.6 Influence of @ 2-SteP PYIOIYSIS......cccuiiiiieieeceeecee et 103
457 Increase of the EPOXY CONTENT .....cocuiiieieeeeeeee et 105
4.5.8 Influence of the Binder on the Electrochemical Performance..............cccocc...... 109
45.9 Influence of the Cut-Off Voltages on the Electrochemical Performance.......... 111
CONCIUSION ..ottt bbbttt sb et b et b 117
T 1] (= TSP 119




7

6.1 List of Chemicals

6.2  List of Figures.....
6.3 Listof Tables......
References..................




Literature Part Doctoral Thesis Pierre Baumann

1 Introduction

Since its commercialization in 1991 by Sony, the lithium-ion battery was able to develop an
outstanding position within electronic industries (1). Due to their high gravimetric and
volumetric energy density (compared to lead-acid, nickel-cadmium (Ni-Cd) and nickel-metal
hydride (Ni-MH) batteries) lithium-ion batteries (LIBs) have become the state-of-the-art
rechargeable compact energy storage systems for portable consumer electronics (mobile

phones, notebooks, tablet computers etc.) and industrial electronic devices.

400

Li metal
(‘'unsafe’)

300

Smaller Size w3

200

Energy density (W h I-)

100

Lighter weight ~—3»

T T T T
0 50 100 150 200 250
Energy density (W h kg)

Figure 1. Comparison of the different batteries in terms of volumetric and gravimetric energy density (2)

In this century, the era of fossil fuels such as coal, natural gas and mineral oil will
continuously expire and an upcoming era of green renewable energy is expected. Lithium-ion
batteries play a crucial role in fulfilling this change by e.g. replacing combustion engines with
electric motors for sustainable vehicles, such as hybrid vehicles or even full electric vehicles.
Furthermore a very important field of application will be the storage of green, sustainable
energy (solar, wind, geothermal). The fluctuations in the production of electricity from these
renewable resources results in severe problems to stabilize the power supply system.
Accordingly, an energy storage device is needed to store the produced energy in times of
high power generation and to release it in times of shortage. In this field home storage
systems are of particular importance as they give the possibility to store one’s own energy in
times of excess instead of (over-)supplying the grid with current. For this reason the market

for lithium-ion batteries gets broader and will increase further, indicated as trend in Figure 2.
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Figure 2. Worldwide rechargeable battery market — redrawn from (3)

However, the development of lithium-ion batteries not only drags behind the improvement of
consumer electronics and their energy requirements, but also this battery system is not at the
technological level to provide driving ranges for full electric vehicles comparable to gasoline-

driven one’s (4,5).

Hence a noticeable improvement in energy density is required to satisfy the demands for
high capacity and power. To attain this goal new electrode materials with higher specific
capacities have to be developed and/or the potential difference between the positive and
negative electrode has to be enlarged. A promising approach to increase the capacity is
based on the substitution of the commonly used carbonaceous negative electrode materials
with a high capacity alloy-type material such as silicon. Unfortunately, these high capacity
negative electrode materials suffer from poor cycle stability due to large volume changes
during the lithiation and delithiation. By using nanoparticles the cycle stability can be
improved, but with disadvantages in regard to the price.

In the context of this doctoral thesis silicon nanoparticles are produced via high energy
planetary ball milling, which offers a cheap and up-scalable route for industrial production.
The milled silicon nanoparticles are furthermore used to produce composite materials, such
as core-shell particles, and their electrochemical performance is investigated and compared

to commercial nano-silicon, obtained via an expensive pyrolysis route.

Furthermore the influence of different particle sizes, binders, electrolytes and cycling

conditions on the electrochemical performance of these composites will be discussed.
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2 Nanosized Silicon

2.1 General Background on Nanomaterials

The term nano, derived from the Greek word nanos (as well nannos) (6) which means dwarf,
designates a billionth fraction of a unit (10°°), for example of a meter (7). Thus the science of
nanomaterials is often defined as dealing with objects on a size scale of 1-100 nm,
sometimes up to 1000 nm (8,9). Infrequently nanomaterials are also named
mesoscopic materials due to an IUPAC norm of 1985 which deals with the classification of
porous materials. Therein the materials are classified according to their pore diameters (10):

e Pores with widths exceeding about 50 nm are called macropores
e Pores with widths between 2 nm and 50 nm are called mesopores

e Pores with widths not exceeding 2 nm are called micropores

In this context meso indicates that the properties of such materials are in between those of
bulk materials and molecules, which is also appropriate for materials in the nanometer scale.
Due to the small sizes they exhibit large surfaces (several 10 m?/g) and surface properties
become dominant over those of the bulk, as wells as size dependent quantum effects can be
observed (11). This leads to different physical and chemical properties such as electrical

conductivity, magnetism, fluorescence, melting point, reactivity and mechanical stiffness (12).

Figure 3. CdSe quantum dots with different particle sizes (13)
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The use of the prefix nano started in the 1990’s and results quite often in the wrong
conclusion that nanoparticles are something fairly new. However, they have always been
attended in nature due to volcanic eruptions, forest fires and natural composite materials
such as bones, theeth or seashells in which nanocrystalline inorganic substances are
imbedded in a protein matrix (14).

From a historical viewpoint the first man-made nanoparticles (apart from those probably
made by early ancestors via grinding pigments or carbon black from their fires) were already
produced in antiquity. Here they used colloidal gold to make ruby glass or for coloring
ceramics, and these applications are still continuing now (15). In medieval times gold colloids
were known to alchemists as aurum potabile, which means drinkable gold, and they were
used as treatment for all kinds of then known diseases (16).

Figure 4. Colloidal gold suspension (17)

Scientific research on nanoparticles began with Michael Faraday in 1857 (18). He was the
first one to have the notion that gold sols indeed contain small metal particles and studied
their optical properties. Significant progress in this area was then provided by Wilhelm
Ostwald with his observation that small crystals or particles dissolve in a sol (colloid) and
redeposit onto larger ones (19). This effect is known as Ostwald ripening nowadays and
enables the synthesis of monodisperse particles. Further contribution to the comprehension
of nanosized materials was performed by Gustav Mie by the calculation of size dependent
optical properties starting from the Maxwell equations (20). Finally, the discovery of colloidal
semi-conductor nanocrystals (quantum dots) by Louis Brus in 1982 led to a boost in
nanoscience which continues to this day (21). A Scifinder request (June 18, 2015) for the

research topic Nano leads to almost 1.7 million references dealing with it, showing that

4
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immense progress has been made over the last decades. The result is a wide range of

available, commercial products containing nanomaterials (22,23):

¢ Encapsulation of glue in nanospheres, which burst under pressure and lead to a self-
healing effect of the host material

e TiO, nanoparticles are used as UV filter in suncream or photocatalytic self-cleaning
surfaces

o Water and dirt repellent surface coatings (Lotus effect)

e Scratch-resistant surfaces

e Antibacterial surfaces

e Anti-reflective coatings (especially for solar panels)

¢ Reinforcing fillers

o Energy storage materials

o Catalysts etc.

In the future nanomaterials will also play an extraordinary important role in medical

applications such as diagnosis, therapy and drug delivery (9).

Basically the synthesic routes to nanomaterials are divided between two opposed major

categories (24):

o Bottom-up: The buildup of particles starts with molecules or even atoms. Accordingly,
larger particles are created from smaller building blocks, mainly through self-organization
processes.

e Top-down: This approach starts from macroscopic materials which are continuously size-

reduced to the nanometer region via milling, etching or laser ablation.

These approaches are now being discussed by the author with reference to silicon
nanoparticles (SiNPs), providing an overview of this topic and helping the reader to

understand why milled nanosized silicon is used in this thesis.
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2.2 Bottom-Up Techniques for Nanosized Silicon

2.2.1 Solution Based Precursor Reduction

This class of bottom-up procedures uses reducing agents in the presence of silane
precursors in solution. They represent attractive and intensive studied methods in the
preparation of semiconducting nanomaterials and are based on the initial attempts by Heath
in 1992 (25). The synthesis was based on the reduction of SiCl, and RSICl; (R = H or octyl
group) by sodium metal in a non-polar organic solvent under high temperature and pressure.
Due to the relative straightforwardness of this approach, numerous variants have been
established. Those include the use of sodium naphthalenide (26), lithium aluminum
hydride (27) or alkali metal borohydrides (28) as reducing agents, different
halosilanes (29,30) and silicon alkoxides (31) as precursor and the usage of polar non-protic

organic solvents such as THF or glyme (32,33).

TOAB, LiAlH, ‘
Sonication

R-SiCl3, LiAlH,4

SiCl, +
Sonication

NaCioHg ‘
Glyme solution

H
R + Salts
H

-70°C, High pressure
Annealed at 400 °C

TEOS +Na H + NaOEt

Figure 5. Preparation of colloidal silicon nanocrystals via solution based precursor reduction (34)

The hereby synthesized particles usually have a size of several nanometers (< 10 nm), are
spherical and show blue or green luminescence (35,36). However, the drawback is that
silicon tends to form a native oxide layer of roughly 1-2 nm thickness and these particles
would completely oxidize by contact with air (37). Therefore the surface moieties have to be
further functionalized. Fortunately for each kind of accessible moiety chemical routes are

available for passivation, as shown in Figure 6.




Literature Part Doctoral Thesis Pierre Baumann

A OSiR
| B OH OSiR
Si | Rsi(OCHy),
OO Sii ——— (si
S 01
(]/IBI. R y
R-Li / R-MgX | H
Si > (Si | =N
o Si or R
%oy ///\\\R) i
OCH, 4y, '
I T Pt o Si
Si

Figure 6. Surface passivation of (A) halide-terminated and (B) hydrogen-terminated SiNPs (38)

2.2.2 Oxidation of Zintl Phases

A Zintl phase is compound obtained by the reaction between an alkali or alkaline earth metal
and post-transition metal or metalloid from group 13-16. These phases are understood to be
intermetallic compounds with a strong heteropolar bond character between the alloying
elements whereas the group 13-16 element can be considered as polyatomic anion (39).

The synthesis of the required compound is not complex, silicon and the desired group | or Il
metal are loaded in a tantalum or niobium tube and sealed in a quartz jacket under argon or
vacuum. Then the reaction mixture is heated e. g. to 650 °C and dwell at this temperature for
4-5 days (40). The typical utilized Zintl phases for the preparation of silicon nanocrystals are
MSi (M = Na, K), Mg,Si, CaSi and CaSi, (41,42). They are dispersed in an organic solvent
(usually glyme) and reacted with silicon halides, bromine or ammonium bromide (43). Due to
the heterogeneous nature of the reaction the used silicide has to be milled before starting the
oxidation. The resulting particles exhibit similar shape, size and surface moieties as those
prepared by solution based precursor reduction and can therefore be further
functionalized (44).

NH,4Br, SiCl,, Brs etc.
ASi > X + Salts
Glyme solution

A = Na, Mg, K etc. X=Clor Br

Figure 7. Zintl phase based synthetic method of preparing SiNPs (34)
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2.2.3 Thermal Decomposition of Silanes

This type of procedure is the most frequently used for commercial SiNPs. It involves the
decomposition of molecules bearing silicon such as silane (SiH;) or higher oligomers
followed by re-assembly processes (nucleation) to form nanosized silicon particles, films or
wires (45).

A
SiH, - Si+ 2 H,
Eq. 1

These methods are usually distinguished by the source used for dissociation, which can be
hot wall reactors (tube-furnace reactors, parallel plate reactors — Chemical vapor
deposition), laser irradiation (CO, laser) or plasma (usually nonthermal) (46). The
synthesized Si possesses a hydrogen-terminated surface and one can functionalize it
according to Figure 6 (47). The benefit of the thermal decomposition is that the particle size
can be easily changed by the operating parameters of the reactor. The primary particle size,
ranging from several nanometers to tens of nanometers, essentially depends on the silane
partial pressure (concentration in the gas stream) and the reaction residence time (48).
Lower concentrations as well as shorter reaction times lead to smaller particles and a narrow
particle size distribution. The reaction time can be influenced by the gas flow velocity
(stronger gas flow = shorter residence time) and the size of the reactive volume (very small
for laser irradiation). However, coalescence is not completely avoidable, leading to some
chain aggregates or branched agglomerates (49). To keep this effect as low as possible,
nonthermal plasma has to be used, since it produces particles carrying negative charge on

the surface triggering electrostatic repulsion between these nanoparticles (50).

Ar + SiH,

(5%In He) |

9.5mmO.D.
—_—

5.5mmI.D. primary

plasma
region

plasma
afterglow
PR

to collection
mesh

13.56 MHz
fpower

6.4mmO.D.
3.9mm|.D.

injected —» ) B
gas 1

25.6mm O.D—»
20.4mm1.D.

Figure 8. Schematic of a nonthermal plasma reactor for the continuous synthesis of SiNPs (51)
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In contrast, for the production of films coalescence is required and therefore films are
produced by hot wall reactors (especially parallel plate reactors). Nanowires, on the other
side, require metal catalysts such as gold or indium, where silane decomposes on the
surface of the catalyst forming a liquid metal/Si alloy. Upon reaching supersaturation, a
silicon nanowire then precipitates from the melt, the liquid alloy droplet remaining at the tip of
the wire as it grows in length (45).

The disadvantages of these methods are the use of specialized equipment and the usually
low production rates (except microwave plasma reactors — 0.1-10 g h™), which lead to cost-

intensive products (38).

A very special decomposition technique is the preparation in supercritical fluids. Korgel et al.
were the first to show successful synthesis of SiNPs in this media (52). In this reference
alkoxy-coated crystalline silicon was prepared by the degradation of diphenylsilane in a
mixture containing octanol and hexane, which was heated to 500 °C and applied with

pressure of 345 bar.

2.2.4 Thermal Decomposition of Silicon Suboxides

Thermal decomposition of silicon suboxides is a very popular method for the synthesis of
silicon nanocrystals. Here the suboxide is annealed under inert atmosphere at temperatures
higher than 1000 °C (53). During annealing a disproportionation reaction occurs and results
in silicon nanocrystals embedded in a silicon oxide matrix. In this context one also speaks of
silicon rich oxides (SROs) (54).
A X X
Si0; = 5 Si0; + (1- 5) Si

Eq. 2

However, to obtain freestanding silicon nanocrystals etching with HF is necessary, and yields

particles with sizes in the range from 2 nm to 16 nm and hydrogen-terminated surfaces (55).

Si0, + 4 HF - SiF, + 2 H,0
Eq. 3
So this method displays a transition between bottom-up and top-down techniques as the
particles need to be released from a bulk silicon oxide matrix. Newer approaches utilize
thermolysis of hydrogen silsesquioxane (HSQ) to produce bulk amounts of silicon rich

oxides (56). This method offers a cost-effective approach for the formation of nanocrystalline
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silicon, as the HSQ can be prepared via a sol-gel process from trichlorosilane or

triethoxysilane without much effort (57,58).

H./O\SiH
O/SI /

7!0,/’ °\Hs/\° \o 5 % Hyp, 95 % N, @ @ @ HF Etching @
O\ o\/sm\ //‘3;{4 High Temperature @ @ '
0" /,0

/ .
i SiH
HSi \O/

s

Figure 9. Preparation of SiNPs by breaking down SROs (34)

2.3 Top-Down Techniques for Nanosized Silicon

2.3.1 Etching Techniques

In principle, these techniques are further differentiated in chemical etching as well as
electrochemical etching. They all have the use of hydrogen fluoride or hydrofluoric acid in

common, but differ with regard to the oxidizing agent used.

2.3.1.1 Chemical Etching

The major oxidizing agents in chemical etching are nitric acid and hydrogen peroxide, in
contrast to electrochemical oxidation (59,60). In classical synthesis silicon wafers (or pieces)
are cleaned by ultrasonicating them in an organic solvent. The wafers are then put in an
etching solution containing hydrofluoric acid and an oxidizing agent, followed by removing
solution residues by immersing them in deionized water and subsequent washing with
isopropanol. The nanoparticles are now loosely attached to the surface of the silicon and can
be suspended by immersing and ultrasonicating them in a solvent of choice, unfortunately
with low yields (61).

Therefore chemical etching is more often applied to reduce the size of particles already in the
nanometer region, at which the size reduction is depending on the dwell time in the etching
solution (60).
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Figure 10. Size reduction of SINPs via chemical etching (37)

In addition there is another chemical etching technique called metal-assisted chemical
etching (MACE). It offers the possibility for a convenient synthesis of various silicon
nanostructures, such as SiNWs, porous SiNWSs or silicon nanopores. In this process metal
nanoparticles, wires or stripes (usually Ag or Au) are deposited on the silicon surface
followed by etching in H,O./HF (62). The oxidant is preferred to be reduced at the surface of
the metal catalyst and electrons are transferred from the silicon to the metal. For this reason,
silicon underneath the metal catalyst has the highest concentration in electron holes and
therefore the oxidation and dissolution of silicon occurs preferentially underneath the metal
catalyst (63). The morphologies of the obtained surface nanostructures are strongly affected
by the parameters such as shape and species of the catalyst, etching temperature and time,

solution concentration as well as the space between catalyst particles (64,65).

(a) n-SiNW array by electroless etching of n-Si wafer (b)'

----------.\----
n-Si Ag

\ \10 pm

R —
\

Figure 11. (a) Schematic of a MACE produced SiNW array (b) Cross-sectional SEM of as-prepared array (66)

The disadvantage of this method is that the SiINWs are still attached to the bulk silicon and
need to be detached in most cases for further use. This can be done either by mechanical

peeling or via delamination of the metal catalyst in water and re-etching with H,O,/HF (67).

11
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2.3.1.2 Electrochemical Etching

This method is one of the oldest ones for producing nanostructured silicon. It was first
performed some 60 years ago at Bell Labs, USA (68). During electropolishing of silicon
wafers in hydrogen fluoride based solutions it was observed that the surfaces developed a
matte black, brown or red deposit. The deposits were preliminary supposed to be silicon
suboxides and it took nearly 20 years to realize its nanoporous nature (69). However, this
field of research has been neglected until the visible light emission of the highly porous

silicon was discovered in the 1990’s (70), leading to an impulse in research.

In common syntheses silicon nanostructures or particles are formed by anodizing p- or n-
type wafers in aqueous HF or ethanoic HF (71). The form and size of the etched silicon
mainly depends on the current densities (1-50 mA/cm?), as well as the concentration of HF.
The higher these parameters are, the smaller the particles or pores get. If a separation of the
nanoporous silicon layer is wanted, another etching step is performed in diluted HF solutions
with a very high current density (up to 160 mA/cm?) and short dwell time (72). But normally
these structures show irregular shapes and broad size distribution (38).

This issue can be reduced by using a variant of the etching method developed by Kang et
al. (73). The key feature of this method is the usage of polyoxometalates (POMs), with their
unique ability to act as an electron donor and acceptor simultaneously. This method
produces not only SiNPs with a narrow size distribution but also SiNWs or ordered silicon
micro- and nanostructures by the use of H3PM0;,014-nH,O (POM) or HPOM (H,O, +
POM) (73,74).

2 "
¢ mtel 50 .
“ " 40| | Nano/micro- SiNWs Si pillars
- : § 30| | structures
Silicon I\afﬂ'e e e e Graphite rod 2 20 ) ]
g o9 8 10| siODs(14mm || siNes || SIQDs mixtrur
i HPOM POM HO
| % Egl;—_n:s?- POM™™ (catalyst) 272

Figure 12. Scheme of POM assisted electrochemical etching (left) and relationship between current density,
catalyst and structure of the products (right) (73)
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2.3.2 Laser Ablation

Laser ablation displays a popular method for the production of a variety of SiNPs (75),
SiNWs (metal catalyst needed) (76) or films (77). The first studies on the laser ablation of
silicon were carried out in the early 1990’s by Okada and lijima (78). The ablation was
performed using a YAG laser and a silicon wafer as target under an argon atmosphere.

laser pulse energy 40-90 J/p
pulse width 12 ms.
irradiation rate 1 pps
= —Gas inlet  area of laser beam on target ~0.7 mm?
laser power density 0.48x 10%1.1x 10° W/cm?
atmosphere Ar (99.999%), 0.75-3.0 Pa
Water-cooled

! Holder
Cooling Water

X<Y-Z Table

Figure 13. Experimental arrangement and preparing conditions of the first laser ablation of Si (78)

In this method short laser pulses evaporate small parts of the silicon surface, the silicon
atoms then condense into small clusters, their size depending on the pressure and sort of
inert carrier gas (Ar, He or N,), as well as the laser fluences, used (79,80). The as-produced
particles have sizes from several nm up to 500 nm (78,81) and usually suffer from broad
particle size distribution and low yield as well as low scalability (79). Some more recent
approaches perform the laser ablation in a sealed quartz tube in aqueous solution or a
reactive organic solvent, which leads to in situ surface passivation and smaller particles with

a more narrow size distribution (82,83).

}”__—_(/: 5 z
\__ Active sites
fs laser 4 4;/
Ablation Reactions .\Javnomaterials
- Liguid High temperature -~/ “
» and pressure . . S A
Target & St
: ;

Figure 14. Schematic illustration of laser ablation in solution (84)
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2.3.3 High-Energy Ball Milling

High-energy ball milling (HEBM) has become a quite popular method in recent years for the
production of nano-scaled materials due its simplicity, low cost, high productivity, scalability
and environmental friendliness (85,86). The milling can be performed in a various types of
high energy mills such as attrition, planetary or vibratory mills (87). Balls and vials are usually
made of hardened steel, tungsten carbide, silicon nitride or zirconia (88). The energy transfer
to the powder patrticles is based on shearing action and impact of the high velocity balls with

the powder (85). This process is governed by many parameters (89) such as:

e type of mill

e milling speed

¢ milling time

e type, size, and size distribution of the grinding medium
e ball-to-powder weight ratio (BPR)

e extent of filling the vial

e process control agent

HEBM is a very dynamic process, as plastic formation, cold-welding and fracture occur
simultaneous and therefore accurate control of these milling parameters is necessary (90).
Dry-milling leads to the formation of aggregates (van der Waals forces) as the particles reach
the submicron region. Further ball impacts lead to disassembly/reassembly processes and
larger particles and broader particle size distributions are obtained (91). For nanosized
silicon, milling is usually performed in a solvent (wet-milling). Typical solvents are alkenes,
alkynes or alcohols as they lead to in situ functionalization of the surface due to the reaction

with reactive silicon radicals or double bonds exposed by the fracture of larger particles (92).

Figure 15. Mechanochemical synthesis of functionalized silicon nanopatrticles (93)
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Therefore, the wet-milling of silicon is also referred to as reactive-milling. The advantages of
wet-milling are that particle agglomeration can be prevented and the size of the as-prepared
particles can be tuned over the entire pm and nm region, depending on the milling
parameters (94). However HEBM always leads to a particle size distribution, if monodisperse
particles are needed the suspensions have to be further treated by size-selecting techniques
such as gel permeation chromatography (GPC), ultracentrifugation etc. (95).

Beyond this conventional milling technique there are some other rarely used reactive-milling
methods which are based on the reduction of silicon dioxide with aluminum or

magnesium (96,97), as well as the reduction of silicon tetrachloride with lithium metal (98).

35i0, + 4 Al > 3 Si+ 2 Al,05

Eq. 4
Si0, + 2Mg - Si+2Mg0o

Eq.5
SiCl,+ 4Li —» Si+4LiCl

Eq. 6

In these cases the SiINPs are embedded in the corresponding metal oxide or salt matrix and
need to be released by washing with acid or deionized water.

For completion one has to mention that there are more, very specialized techniques for the
synthesis of nanostructured silicon, than those mentioned in the previous chapters. They are
based on molecular beam epitaxy (MBE) or nanolithography and will not be discussed further

(for reviews see e.g., (99,100)).
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2.4 Comparison of the Techniques in Consideration of LIBs

For LIBs nanosized silicon needs to be produced in an inexpensive and easy way, due to
large amounts needed for this application. Moreover the used silicon should have patrticle
sizes above 30 nm, otherwise the ratio of native surface silicon oxide (electrochemically dead
weight, caused by handling in air) to core silicon is too high due to the large surfaces, as

shown in the author’s master thesis (101).

As solution based precursor reduction methods or the oxidation of Zintl phases usually yield
particle sizes below 10 nm, these methods cannot be used for the production of silicon
suitable in LIBs. In this context even the particles obtained via thermal decomposition of
silicon suboxides are too small. This method also has the disadvantage of high temperature
demand, which leads to a cost-intensive production process. Furthermore the particles need
to be released from the oxide matrix, making it even more expensive due to special devices

necessary and safety issues associated with HF etching.

Chemical and electrochemical etching techniques are very simple to perform and can be
done at room temperature, but they also suffer from the disadvantage of HF usage. However
the main problem concerning these techniques is the low quantity of nanosized silicon
produced per batch, which leads to low throughput and high prices, making them unfavorable

methods. The same applies to Laser ablation methods.

Thermal decompositions of silanes are already performed and popular techniques for the
commercial production of SiNPs. Their magnificent features are the production of
monodisperse particles and the size tunability. The disadvantages, however, are the
specialized equipment needed, as well as a not excessively high throughput, which in turns

leads to cost-intensive production.

In contrast to these techniques large quantities of nanosized silicon can be achieved by
HEBM, with the benefit of not too specialized equipment required. Therefore this approach
was chosen within this doctoral thesis, as it offers the cheapest and easiest way to produce
SiNPs, which is very important for future large scale production. Furthermore, doped silicon

and alloys can be produced via mechanical alloying.

For a better overview of the advantages and disadvantages of the techniques see Table 1.
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Table 1. Comparison of the preparation methods for nanosized Si

Preparation method Size tunability ~ Size distribution  Throughput Up-scaling Simple equipment Costs Environmental benign  Atom economy
Solution based precursor reduction - + - - + - ~ -
Oxidation of Zintl phases - + - - + - ~ -
Thermal decomposition of silanes + + ~ + - - + +
Thermal decomposition of SiOx - + - ~ + - - -
Chemical etching ~ + - - + - - -
Electrochemical etching ~ ~ - - + - - -

Laser ablation - - - - - - + +
High-energy ball milling + ~ + + ~ + + +
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3 Lithium-lon Batteries

3.1 Introduction to Lithium-lon Batteries

Batteries are closed systems in which one or more electrically connected electrochemical
cells convert the chemical energy stored in its active materials directly into electric energy via
an electrochemical reduction-oxidation (redox) reaction. An electrochemical cell consists of a
cathode where reduction takes place during discharge, an anode (oxidation), a separator and
an electrolyte which conducts the current via ions within the cell. As during discharge the
reactions at the cathode usually take place at higher potentials than at the anode, the terms
positive (cathode) and negative electrode (anode) may also be used (102).

In principle batteries are divided into primary and secondary batteries. Primary batteries
display non-rechargeable batteries. They are assembled in the charged state and are
intended to be used until exhausted and then discarded. Secondary batteries (accumulators),
on the other hand, are intended to be used several times. After being discharged, the battery
is restored to its original charged condition by an electric current flowing in the opposite
direction to flow when the battery was discharged. This type of battery is usually assembled
in the discharged state and needs to be charged first before it can undergo discharge in a
secondary process (103). In addition to this classification batteries may also be classified by

the type of electrolyte employed, either aqueous or nonaqueous (104).

Nonaqueos
Aqueos electrolyte
electrolyte battery
battery (high voltage,
capacity)
oy Mn dry cell Metalic lithium
(disposable) Alkaline dry cell battery
Lead-acid
battery,
Secondary Nickel-cadmium Lithium-ion
battery battery, battery
(rechargeable) Nickel-metal
hydride battery

Figure 16. Types of batteries (105)

Batteries are usually compared by the amount of electrical energy they contain and/or their

rate capability. The terms specific energy (W h kg™) and energy density (W h L) are used to
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compare the energy content that a battery is able to deliver [function of the cell potential (V)
and capacity (A h kg™)], whereas the rate capability is expressed as specific power (W kg™)
and power density (W L™) (103). Alternatively, the attributes gravimetric (kg™) and volumetric
(LY can be used (106).

The first lithium containing batteries were of the primary type and were developed in 1960’s.
These devices contained lithium metal as negative and iodine as positive electrode material
and provided a practical specific energy of about 250 W h kg™, almost five times higher than
the former state of the art zinc-mercury oxide battery (107). The motivation behind using
lithium metal as negative electrode material relied on the fact that Li is the most
electropositive (-3.04 V vs. SHE) as well as the lightest (M = 6.94 g mol™, p = 0.53 g cm™)
metal with a specific capacity (charge per mass) of 3,860 A h kg™ (= mA h g™), thus enabling
the design of battery systems with high voltage and high energy density (2). Therefore it was
only a matter of time till research on secondary lithium batteries began. The attention was
initially focused on the cathode side, as it was believed that metallic lithium dissolution and
deposition at the negative electrode can be performed without major problems, with the aim
of identifying materials with long cycle stability.

In 1978 tremendous progress was achieved by Whittingham with the development of the so-
called insertion electrodes (108). The term insertion refers to a host/guest solid-state redox
reaction at which electrochemical charge transfer is coupled with the insertion of mobile
guest ions from an electrolyte into the structure of a solid host (109). To obtain this, these
materials must assure the reversibly change of the oxidation state as well as keep their major
structural features. Therefore the first electrode materials of this type were transition metal
compounds, such as TiS, (110). However, it was soon realized that the lithium metal needs
to be replaced due to lithium corrosion and dendrite formation, which lead to poor cycle
performance and severe, undesirable safety characteristics of these batteries (cell shorting,
fire incidents). To overcome this weakness Li alloys with aluminum or Wood’s alloy appeared
as the first solution, nevertheless these materials suffered from strong morphological
changes upon cycling due to large volume changes, leading to poor cycling behavior (111).
The key concept for solving this problem involved the substitution of the metallic lithium with
a second insertion material. It was first demonstrated by Murphy et al. (112) and led to the
so-called rocking-chair batteries, where lithium ions are shuttled between the positive and the

negative insertion electrode during operation (113).

The breakthrough was achieved by Yoshino et al. in 1985 (114) with a new battery system
comprising a LiCoO, positive electrode [disclosed by Goodenough in 1981 (115)], which acts
as lithium ion source and carbonaceous material as negative electrode, where the lithium

ions are embedded between the graphene layers during charging. This invention led to the
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successful commercialization by Sony in 1991 and the term lithium-ion battery was
coined (116). The success of this type of lithium-ion cell was, and is still, outstanding due to
having a potential exceeding 3.6 V (three times that of alkaline systems) and gravimetric
energy densities as high as 120-150 W h kg™ (three times those of usual Ni-Cd systems) (2),
and it nearly remained unchanged even after almost 25 years since its
commercialization (117). Today lithium-ion batteries are the power sources of choice for
portable electronic devices, such as mobile phones (especially “smart phones”), notebooks,
tablet computers etc. and they are also used for electric vehicles, as well as for stationary
energy storage systems (118).
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Figure 17. Schematic drawing of a lithium-ion battery (119)

During charging, lithium ions are extracted from the positive electrode host, solvate into and
move through the non-aqueous electrolyte, and intercalate into the negative electrode host.
Meanwhile, electrons are moved from the positive to the negative electrode through the
outside current collectors forming an electric circuit. The process is reversed when the
battery is being discharged and the stored electrochemical energy is released in the form of
electric energy. The electrode materials are electrically separated by a microporous

membrane that prevents short circuits but still allows Li ions to penetrate (120).

The materials used or intended to be used in lithium-ion batteries will now be discussed in
the further chapters based on the major components (positive and negative electrode,
electrolyte and separator), involving recent research. The terms positive and negative
electrode are subsequently used instead of anode and cathode, since the use of the latter

ones is only correct for discharging and oppose during charging.
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3.2 Positive Electrode Materials

Positive electrode materials are typically transition metal compounds (basically oxides or
phosphates) that are able to undergo reversible extraction and insertion of lithium ions by
changing the oxidation state of the transition metal, maintaining charge neutrality (121). The
materials need to be structural very stable, as structural changes would lead to poor cycle
performance, and should allow good ionic and electric conductivity (122). Commercial
relevant examples for these materials can be distinguished by their crystallographic

structure.

® vavavava

Figure 18. Main structures of used positive electrode materials: layered (a), olivine (b) and spinel (c) (123)

Furthermore they can be classified according to their operational voltage (average
insertion/deinsertion potential against Li/Li*) and are therefore sometimes named “3 V”, “4 V”
or “5 V” positive electrode (or cathode) materials (109,124). Current research focuses, as
well as for negative electrode materials, on the optimization of the energy density (specific
capacity and/or voltage), rate capability, cycling performance, safety, cost and environment-

friendliness.

3.2.1 Layered Compounds

The most common layered compounds are transition metal oxides with the general formula
LiMO, (M = Co, Ni, Mn) (125). Among all positive electrode materials LiCoO, has been the
predominant material for more than two decades since the commercialization of lithium-ion
batteries (126). Although complete delithiation to CoO, is possible (specific capacity of
~ 280 mAh g™, only the half of the lithium-ions can be reversible extracted/inserted during
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operation, yielding a specific capacity of 140 mAh g™ and an open-circuit voltage (OCV) of
4V vs. Li/Li* (120,127). This limitation can be attributed to lattice shrinkage, oxygen evolution
and cobalt dissolution which evolves during further delithiation, resulting in capacity fade and
safety problems (124). As cobalt is expensive and toxic, research focuses on derivatives
where cobalt is partially or fully substituted by cheaper or less toxic transition metals, like
nickel or manganese (128). Fully substituted compounds containing one sort of transition
metal, like LiNiO, or LiIMNO,, represented one of the first layered materials thought to replace
LiCoO; (129,130). However, LiNiO, shows a stronger tendency for oxygen evolution (131)
and LiMnO, suffers from irreversible structural changes during delithiation (formation of
spinel structure) (132), which limit their practical application. In recent years mixed metal
oxides, such as LiNisCoyAl;«,O, (NCA) or LiNi\CoMn;.,,0, (NMC), have become more
prevalent. As these materials have an inherently higher specific capacity, a high rate
capability and lower cost compared to LiCoO,, they are already used in cells to power
electric vehicles produced by Tesla (LiNipgC0g.15Alp.050,) or BMW (LiNiy3C015Mny305) (133).

In these solid solution materials the predomimant redox couple is Ni?*/Ni**

(contributes to the
high capacity of Ni containing materials), while the cobalt helps to reduce the Li-Ni interlayer
mixing and contributes to the capacity at high voltages (Co*/Co*") (120). In NMC the Mn**
ions remain unchanged and help to stabilize the structure and reduce costs (134). The
aluminum in NCA materials prevents the complete oxidation of the nickel and, thus, reduces

the oxygen evolution potential and increases the safety (133).

Among the mentioned materials the available rechargeable specific capacity is in the range
of 140-200 mAh g, but new cathode materials are needed to meet the future energy density
requirements. Therefore lithium-rich layered oxide materials (LLOs) have attracted much
attention in recent times (135). These materials can be described as solid solutions with the
general formula xLi,MnO3:(1-x)LIMO, and their specific capacities can be higher than 300
mAh g™ and show a high voltage plateau at 4.8 V. The Li,MnO5 units contribute to structural
stability as it is electrochemically inactive over a wide potential window of 2.0-4.4 V and get
electrochemically actived at 4.5 V in the first charge (136). At this potential Li* is extracted
from Li;MnO; and leads to the formation of the MnO, host structure, which can than
reversible intercalate Li-ions (137). This process leads to a large irreversible capacity in the
first cycle and origins from a transformation of the original layered structure to a mixed
spinel-like and layered structure (138). Although loosing capacity in the first cycle, the
material still shows considerably high capacity (> 200 mAh g™) and good capacity retention
during further cycling. However, efforts have to be made as these LLOs unfortunately suffer
from oxygen evolution and voltage fade upon cycling, furthermore electrolytes are needed,

which are stable at a voltage close to 5V (133).
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3.2.2 Olivine-Type Compounds

Olivine-type compounds which contain polyanionic groups and can be described with the
general formula LIMPO, (M = Fe, Co, Mn, Ni) (139). It would be advantageous to use this
type of materials in cells powering electric vehicles, as these materials show no oxygen
release during over charge (oxygen is tightly bond to phosphorus). In particular LiFePO,
displays a very promising candidate as it is inexpensive, non-toxic, environmentally benign
and shows good electrochemical, structural and thermal stability (140). Compared with
LiCoO,, it has a reasonable specific capacity of 170 mAh g™ and excellent cycle stability, but
the low operational potential of 3.5 V results in lower energy density. Other disadvantages
are the low intrinsic electric and ionic conductivity which cause small rate capacity (141).
Numerous efforts have been devoted to circumvent these disadvantages, including carbon-
coating, size-reduction, doping etc., and lead to an outstanding rate capability (142,143)
Therefore LiFePO, can now be found in cells produced by A123 Inc. and Sony (140). In
future, materials with higher energy densities are needed, therefore research is being

performed in the area of “5 V” olivine-type materials, such as LICoPO, or LINiPO, (144).

3.2.3 Spinel-Type Compounds

This type of positive electrode materials represent promising materials for high power
applications and can be described with the general formula LiM,O, (M = mainly Mn) (120).
The MnO, framework in LiMn,O, provides 3D Li* diffusion pathways, which are responsible
for high rate capability, and structural stability (145). Another advantage is that manganese is
non-toxic and abundant, which ensures low costs for this material. Nevertheless LiMn,O, is a
problematic positive electrode material as it exhibits low operational specific capacity
(~ 120 mAh g™ and large capacity fading during cycling for several reasons: (I) the material
has to be cycled above 3 V (limiting the capacity) otherwise a phase transition from the cubic
to the tetragonal phase occurs, (II) micro-crack formation on the surface, (Ill) solid electrolyte
interface (SEI) formation due to incompatibility with current electrolytes and (1V) dissolution of

Mn?* ions into the electrolyte generated by a disproportional reaction (Eg. 7), which leads to

2 Mn3t > Mn?t + Mn*t
Eq.7
degradation of the SEI on the negative electrode (146). Substituting Mn with other metal ions

(Al, Co, Cr, Cu, Fe, Ni, Mg etc.) has been used as an important approach for improving
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cycling performance and LiNipsMn; 50, has been identified as attractive positive electrode
material for next generation lithium-ion batteries (147). It offers a high operating voltage of
~ 4.7 V and a capacity of ~135 mAh g*, but its commercialization is plagued by intense
capacity fade in full cells employing graphite as negative electrode, particularly at elevated
temperatures, hence further research is needed (148). In the field of high voltage spinel-type
oxides compounds like Li,M,Mn,,Og and LiMMn,,0, (M = Cr, Co, Fe) display possible
future candidates for application (124).

3.2.4 Other Positive Electrode Materials

In addition to the already mentioned compounds also silicates Li,MSiO, (M = Co, Fe, Mn, Ni),
tavorites LIMPO4F (M = Co, Fe, Ni, V) or borates LiMBO; (M = Co, Fe, Mn) are investigated
as possible positive electrode materials (120,144,149). Besides conventional insertion-type
materials, major efforts are done in developing lithium batteries using sulfur or oxygen as
positive electrode materials, as they exhibit theoretical specific capacities an order of
magnitude higher than the conventional compounds (150). Considerable attention is paid to
oxygen, as it exhibits with 3350 mAh g™ twice the theoretical capacity of sulfur and does not
need to be incorporated in the cells due to its ubiquitous presence (air) facilitating higher

energy densities (151). More detailed information can be found in the references (152,153).
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Figure 19. Current and future electrode materials for LIB technologies (154)
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3.3 Negative Electrode Materials

The sector of negative electrode materials comprises a large humber of different compounds,
such as carbonaceous materials, metals, semiconductors, intermetallics or metal oxides and
can be classified according to the lithium storage mechanisms (intercalation, alloying or
conversion reaction) (155). For more than 20 years graphite has been the predominant
material, however it will not fulfill the demands for future high energy applications due to its
low specific capacity of 372 mAh g™ (156). Hence, alloy-type and conversion reaction-type
materials gained a lot of interest for some time, but also the use of lithium metal has attracted
significant interest in recent times, due to the urgent need for “next generation” rechargeable
batteries, such as Li-S and Li-air batteries (152,153). Various approaches, such as
mechanical barriers or artificial SEls, are investigated to overcome the problems related to
the use of lithium metal, but they are quite far away from resolute application (157,158).
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Figure 20. Main problems related to lithium metal negative electrode (159)

3.3.1 Intercalation-Type Materials

3.3.1.1 Carbonaceous Materials

At present carbonaceous materials (especially graphite) are the most common used negative
electrode materials for commercial rechargeable lithium batteries due to their ease of
availability, structural and chemical stability, low cost and good lithium
intercalation/deintercalation reversibility (160). They can roughly be classified as graphitic

and non-graphitic (disordered) carbons (161). Graphitic carbons have a layered structure
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consisting of graphene sheets with the prevalent stacking order AB (less common ABC) and
a low number of structural defects (162). On the contrary non-graphitic carbons show a
larger amount of structural defects, which prevent a far-reaching crystallographic order, and
can further be subclassified as soft or hard carbons (163). They differ in the ability of
developing a graphite-like structure upon heat treatment (graphitizing), which is possible for

soft but not for hard carbons (164).
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Figure 21. Structural differences of carbonaceous materials: graphitic carbon (a), non-graphtic carbon (b) (109)
and comparison of the “macroscopic” structures (c) (164)

During intercalation the carbon host gets reduced and Li* ions penetrate into it along the

prismatic surface between the graphene layers and a lithium/carbon intercalation compound

according to equation 8 is formed (109).

xLit+ xe” + C, © Li,C,
Eq. 8

The lithiation proceeds via the formation of a periodic array of occupied and unoccupied

layers, the so-called stage mechanism (165). In graphite the stages LiCsq, LiC,7, LiCig and
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LiC1, are passed. The intercalation ends with the highest lithiated compound LiCg and a shift
of the stacking order to AA, yielding the theoretical capacity of 372 mAh g™ (166). Some hard
carbons exhibit yet higher capacities up to 600 mAh g™, however they suffer from a large
irrerversible capacity in the first cycle and low coulombic efficiency (CE) (160). The
mechanisms behind the higher capacity are not yet fully understood. It is assumed that it
arises from lithium species at the edge of the graphene layers, oxidized moieties or in
nanoscopic cavities (109,167).

Latest research focuses on the use of carbon nanotubes (CNTSs), graphene or porous
carbons with pores ranging from nanometer to micrometer scale (160), as their capacity can
reach up to 1116 mAh g™ (corresponding to LiC,) (168). However, they suffer from the same
problems related to high capacity hard carbons (169).

3.3.1.2 Titanium-Based Compounds

Titanium based compounds have drawn significant attention during the last decade, because
they allow the designing of high power operational devices with minor safety concerns due to
working potentials around 1.5 V vs. Li/Li* (170). Moreover, they show other interesting
features such as low toxicity, inexpensiveness, excellent cycle stability and low volume
change (2-3 %) during operation (160). However, they have low theoretical capacity and low

conductivity.

The most common material is the spinel LisTisO., (LTO) and it can accommodate up to 3 Li*
ions per unit, resulting in a specific capacity of 175 mAh g* (171). It has an excellent rate
capability, if nanoparticles are used, and due to the high voltage vs. Li/Li* no SEI or dendrite
formation can be observed. However, the low specific capacity and the high working potential

vs. Li/Li* lead to systems low in energy (162).

Very promising future candidates for negative electrodes in the field of high power
applications are the various polymorphs of TiO, (especially anatase), as they can take up to
one Li" ion per unit which leads to a theoretical specific capacity of 335 mAh g™ (almost twice
of LTO) (172). However, the exploitation of the entire capacity is a major problem, as
intercalation is strongly dependend on the method of preparation, particle size, shape and
morphology (150). From the practical viewpoint, reversible intercalation is limited to 0.6-0.7
Li* per unit (~ 200 mAh g™) anatase at 1.75 V (173). To obtain higher reversible capacities
research focuses on preparation methods for nanoscale, high surface TiO, of various

morphologies, such as nanorods or nanotubes (174).
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3.3.2 Alloy-Type Materials

Research on lithium alloy forming elements began in 1971 as Dey demonstrated the
feasibility of electrochemical formation of lithium alloys in aprotic organic electrolytes (175).
The reaction usually proceeds reversibly according to the general equation 9.

xLit+ xe "+ M o LiyM

Eq. 9
It can be performed with a large number of metallic and semi-metallic elements in group 12
(Zn, Cd, Hg), group 14 (Si, Ge, Sn, Pb) and group 15 (P, As, Sb, Bi), as well as other metals
such as Mg, Al, Ga, In, Ag or Au (176,177). Among them Si and Sn have attracted
considerable attention, as they are abundant, non-toxic, rather inexpensive and offer high
theoretic specific capacities of 3,579 mAh g™ (Li;sSis) and 960 mAh g™ (Li;;Sns) during room
temperature lithiation (178).
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Figure 22. Volumetric (a) and gravimetric (b) capacities at the state of full lithiation of various elements (178)

Despite the high capacities and good safety implementation of these negative electrodes
remains a challenge due to the severe volume changes up to 300 % during
alloying/dealloying processes (179). The volume changes lead to a large irreversible capacity
in the first cycle, followed by poor cycling performance, due to fracture and subsequent loss
of electrical contact between the particles, as well as to a continuous SEI formation (180).
The most promising approaches to overcome these issues are based on the downsizing to
nanoscale particles and the fabrication of composites with both lithium active and inactive
materials, which act as conductive buffer matrix for the alloy-type materials (181). These
approaches will be further discussed in chapter 3.6 based on Si.
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3.3.3 Conversion Reaction-Type Materials

With the beginning of this millennium interest was aroused onto a new reactivity concept
conventionally referred to as conversion reaction (182). It is based on the reversible reaction
of lithium with 3d transition metal compounds (mostly oxides) according to the equation 10,

MyZ,+ (b-n)Li ®aM+bLi,Z
Eq. 10
where M = Co, Cu, Fe, Mn, Ni; Z =N, O, P, S; and n = formal oxidation state of Z (160,183).
They can have specific capacities of as high as 600-1,000 mAh g™ with good cycling
reversibility (184), but suffer from high voltage polarization between the charging and
discharging (potential hysteresis) and low initial coulombic efficiency (185). The most
common materials are oxides, such as Fe,O; Fes;0,, Co0;0,, CoO or CuO, which are

converted to metal nanoparticles embedded in a Li,O matrix during lithiation (186).

Figure 23. HR-TEM micrograph of nanosized Cu particles embedded in a Li>O matrix after lithiation (187)

As Li,O is electrochemically inert it can only participate during electrochemical cycling due to
the formed metal nanoparticles, which catalyze the backward reaction (162). A special type
of conversion materials are compounds, such as ZnM,0, (M = Co, Fe), CdFe,O, or M,SnO,
(M = Co, Mn, Mg, Zn), as at least one metal formed can further react with Li according an
alloying mechanism (188). Similar behavior show the negative electrode materials SiO,, SnO
or SnO,, however they are not conversion materials, as the backward reaction to the oxide
cannot be performed electrochemically (176).
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3.4 Separators

A separator is placed between the positive electrode and the negative electrode to prevent
physical contact of the electrodes and to isolate electronic flow while enabling free ionic
transport (189). The separator must be chemically and electrochemically stable towards the
electrolyte and electrode materials, as well as mechanically and thermally stable. As it raises
cell impedance and takes up limited space in the battery further requirements are imposed.
The thickness should be uniform to ensure long cycle life and < 25 um for high energy and
power densities in LIBs. Furthermore a high porosity of 40-60 % and pore sizes below 1 pm
are required to assure satisfying permeability and wettability to the electrolyte, as most
separators do not posses intrinsic ionic conductivity (190).

Most commercially available separators are single- or multilayer polymer sheets typically
made of polyolefins, such as polyethylene (PE) or polypropylene (PP). They are
manufactured by either an extrusion process (wet or dry) followed by a mechanical stretching
process to induce porosity (microporous membranes) or by manufacturing nonwoven mats
based on wet-laid fibers (191). Microporous membranes are used primarily, as nonwoven
mats are thicker and suffer from a higher tendency of particle penetration and dendrite
penetration during over-charging. This is caused by stochastic arrangement of the fibers,
resulting in larger and irregular pore sizes (192). Membranes consisting of PE/PP bilayers or
PP/PE/PP trilayers have been designed as thermal shutdown separators and offer safety
advantages. In the case of an internal short circuit the temperature of the cell increases, the
lower melting PE fills the pores of the PP layer(s) and stops ion transport and current flow in
the cell, while the PP retains its structure and mechanical strength (190).
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Figure 24. Typical overcharge behavior of a cell with thermal shutdown separator (left), SEM micrograph of a
PP/PE/PP trilayer membrane (right) (193)
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3.5 Electrolytes

Electrolytes are ubiquitous and indispensable in all electrochemical devices and their basic
function is to act as medium for charge transfer between the electrodes. The charge transfer
is carried out by the migration of ions in the electric field. The vast majority of electrolytes in
LIBs are of the electrolytic solution-type, which consist of a lithium salt dissolved in an aprotic
organic solvent (194). Other electrolytes are based on ionic liquids, polymers, gels or
ceramics (195). The key property of the electrolyte is the ion conductivity, as it quantifies the
ion mobility and availability for the ongoing electrochemical reactions, which in part
determines the power output of the cell. Apart from being a good ionic conductor, the
electrolyte has to fulfill further demands: (I) the electrolyte must be an electronic insulator to
keep self discharge at minimum levels, () it should be stable over a wide potential range
(electrochemical window) to prevent degradation, (lll) it should be inert to all the cell
components, (1V) it should be thermally stable and (V) non-toxic (196). For liquid electrolytes
comprising Li ions and aprotic solvents, salts with complex anions such as LiBF,4, LiPFg,
LiAsFg or LIClIO4 can be used. Nevertheless LiPFg displays the best compromise in fulfilling
all demands and hence it is the compound of choice for LIB electrolytes (194). The solvents
should have a high dielectric constant to dissolve the salt and promote ion pair dissociation.
Initially, ethers and esters seemed to be suitable candidates. However, it was soon realized
that ethers are decomposed oxidatively at the positive electrode during cycling (197). On this
account, the focus was put on the esters of carbonic acid, as they possess a better
electrochemical stability (198). Contemporary electrolytes are usually based on a mixture of
the cyclic ethylene carbonate (EC) with linear carbonates, such as diethyl carbonate (DEC),
dimethyl carbonate (DMC) or ethyl methyl carbonate (EMC) (199).
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Figure 25. Main components of contemporary solution-type electrolytes
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EC is favored, as it possesses a very high dielectric constant, but it is a solid at room
temperature. Therefore mixing EC with linear carbonates (low dielectric constants) is
necessary to decrease the viscosity of the electrolyte for faster Li* diffusion (156). The
primordial used carbonate, however, was propylene carbonate (PC). It exhibits also a high
dielectric capacity and is liquid over a broad temperature range with low viscosity. With these
attributes it seems to be the ideal solvent, as mixtures are redundant. However, the utilization
of PC leads to exfoliation of graphitic carbons below 0.7 V due to solvent co-intercalation and
prevents its application (200). Organic carbonates are thermodynamically unstable at
voltages below ~ 1.0 V (Li/Li*) and decompose on the negative electrodes surface by forming
a SEI (201). The structure of the SEI is strongly dependent on the compounds used. In the
case of EC, the decomposition products are able to protect the layered structure from solvent
co-intercalation and kinetically protect the electrolyte from further degradation, as the formed
SEl is ionically conductive but electronically insulating (202). In the case of PC, no stable SEI
is formed. The most common decomposition products are Li,O, LiF, Li,COs, ROLi, ROCO,Li
and polycarbonates, whereat the inorganic compounds are found closer to the electrode

materials surface than the organic ones (203).

Graphite

Li intercalation
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Figure 26. Schematic representation of the chemical composition of the SEI on the surface of graphite (156)
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3.6 Silicon as Negative Electrode Material

3.6.1 Mechanism of Electrochemical Lithiation/Delithiation

The Li-Si phase diagram shows 5 explicit crystalline phases, namely LiSi, Li;»Siz, Li;Sis,
Li;3Siy, LizpSis (204). Except for the formation of LiSi, the electrochemical alloying of Si with Li
follows the phase diagram at a high temperature of 415 °C (205), as shown in Figure 28.
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Figure 27. Li-Si phase diagram (204)

The Lix»Sis phase represents the maximum possible lithiation of Si (4.4 Li per Si)
corresponding to a specific capacity of 4212 mAh g™ (206). Some authors refer to Liy; Sis as
the highest lithiated phase instead of Li,,Sis (207,208). However, a definite decision is almost
impossible due to the very small differences in the Li content as well as the structural
parameters (209) and therefore Liy,Sis is the widely accepted composition (210). The
corresponding capacity of Li»,Sis is often quoted as the theoretical specific capacity of Si
negative electrodes, but it can only be reached at high temperature (211). At room
temperature crystalline Si (c-Si) is electrochemically lithiated via a two-phase mechanism in
which the Si is transferred to a lithiated amorphous Si (a-Li,Si) with a sharp reaction front of

nm scale thickness (212). This transformation from the crystalline to the amorphous phase
33




Literature Part Doctoral Thesis Pierre Baumann

(with a fixed Li concentration) proceeds anisotropically and shows a gentle sloping voltage
plateau around 0.1 V vs. Li/Li" during first lithiation (213). It is referred to an
electrochemically-driven solid-state amorphization, a phenomenon in which disordered
materials are formed by a solid-state reaction rather than upon quenching from a melt (214).
The plateau is not strictly horizontal due to stress effects at the interface of a-Li,Si and
c-Si (211). The composition of the lithiated amorphous phase is still under debate as x values
ranging from 2.17 (213) to 3.5 (215) have been reported.
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Figure 28. High temperature (dotted line) and room temperature lithiation (solid line) of c-Si (left) (216),
TEM micrograph of solid-state amorphization of ¢-Si (right) (217)

At the end of the plateau-like lithiation step c-Si has been totally converted to a-Li,Si. Upon
further lithiation, the a-LiSi satures with Li (formation of a-Li,Si, 3.5 < y < 3.75) and
crystallizes into the metastable Li;sSi, phase if the voltage reaches ~ 60 mV vs. Li/Li* (218).
During the delithiation the crystalline phase converts to an amorphous phase a-Li,Si (z ~ 2)
in a two-phase mechanism, showing a plateau at 430 mV vs. Li/Li* (215,219). Further Li
extraction from a-Li,Si ends in delithiated amorphous Si (a-Sigein) and c-Si cannot be
detected again (211,216). The second lithiation behaves differently, as the starting material is
now amorphous, and shows 2 major sloping regions at ~ 250 mV and ~ 100 mV vs.
Li/Li* (220). The structures and compositions of the Li-Si alloys in these two regions are still
not clear and some authors label them as a-LiySi (250 mV) and a-Liy+x)Si
(100 mV) (221,222). Studies on the electrochemical lithiation of a-Si suggest a two-phase
reaction for the first sloping region with a sharp interface between the amorphous phases

a-Sigeith and a-Li,Si, with X' ~ 2.3-2.5 (217,223). In the second sloping region fast lithiation of
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a-LiySi takes place to form a-Lix+xSi in a single-phase reaction (no distinct phases can be
observed). Upon further lithiation the formation of c-Li;sSi, can be observed again as the
voltage reaches ~ 60 mV vs. Li/Li* (216). The delithation of this phase in the second cycle
proceeds the same way as previously mentioned. A different delithiation behavior appears if
the cutoff voltage of the lithiation is set to values above 60 mV vs. Li/Li* to prevent formation
of c-Li;sSiy. As the final lithiated phase is then amorphous, two sloping regions corresponding
to the delithiation of a-Liy+x»Si (~ 300 mV) and a-Li,Si (~500 mV) can be observed (221).
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Figure 29. Cyclovoltammograms (CVs) of Si with different reversal points showing the dependency of the
delithiation behavior from the final lithiated phase (224)

3.6.2 Issues Related to Volume Changes During Lithiation/Delithiation

Besides a relative low electronic conductivity of ~ 10° S cm™ (increases to ~ 10> S cm™ after
lithiation) (225) and a slow Li diffusion (diffusion coefficient ~ 10™* cm? s™) (226), Si suffers
from volume expansion/contraction of ~ 300 % upon complete lithiation/delithiation (227).
These volume changes induce large stresses, which cause cracking or pulverization of the
Si (228). Most of the fracture events take place in the initial cycle compared to further cycling
and this mechanism probably accounts for most of the capacity fade observed in early
studies based on Si of um size (229). Capacity fading can also be observed for particles
which do not fracture, as the large volume changes can result in detachment of their
surrounding electrical connections. In addition, the total volume of the whole electrode
increases and decreases during cycling and can lead to electrode peel-off and failure (230).

Another issue is that the Si particle shrinkage during delithiation leads to cracks or exfoliation
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of the SEI layer and exposes fresh surface to the electrolyte (231). In the proximate lithiation
new SEI is formed on the exposed Si surface and the process continues upon cycling,
triggering a gradually growth of the SEI thickness. The thick SEI layer is harmful for cycle life
as it consumes electrolyte and Li, raises the cell impedance and decreases the
electrochemical activity (218).
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Figure 30. Failure mechanisms of Si electrodes: film (a) (232), particles (b) (233) and SEI growth (c) (234)

The approaches to overcome or diminish the issues related to the large volume changes
upon cycling are discussed in the following subchapters.
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3.6.3 Reducing Size to the Nanoscale

Moving from bulk or microscale to nanoscale morphologies, such as thin films, nanopatrticles,
nanotubes or nanowires, has the potential to solve the limitations caused by the expansion
and contraction of Si negative electrodes upon cycling. These morphologies improve cycling
performance by minimizing the total volumetric expansion and their high surface-to-volume
ratios facilitate the relaxation of stress associated to the volume changes, making them more
resistant to fracture than bulk materials (235). Fracturing is dependent on the morphology
and starts at the surface, as the surface is first prone to lithiation and expands more than the
less lithiated core (178). Therefore different morphologies have different critical sizes below
which fracture can be prevented. Critical sizes of ~ 150 nm for SiNPs (236), ~ 300 nm for
SiNWs (237) and ~ 100 nm for Si thin films (238) have been reported. Nanosized materials
also offer other advantages, including short diffusion pathways, enhanced diffusion along

surfaces and grain boundaries, high rate capability and reduced polarization (227,235).

However, nanostructured Si negative electrodes face some important challenges as well.
The production of nanoscale materials is very expensive and the electrodes typically suffer
from lower tap densities compared to microscale Si. Furthermore, the high surface area
increases side reactions with the electrolyte and leads to a high irreversible capacity in the
first cycle and low coulombic efficiency upon further cycling, which results in strong capacity
fading in full cells (239). To attenuate these problems Si is often used in composite materials

and film forming additives are added to the electrolyte to obtain a more stable SEI (240).

3.6.4 Electrolyte Additives

The use of electrolyte additives is one of the easiest and most economic ways for the
improvement of the cycling performance. Generally, the amount of an additive in the
electrolyte is no more than 5 % either by weight or by volume (201). Their role is to facilitate
the formation of a more stable SEI to prevent its pulverization and to reduce the irreversible
capacity as well as gas formation upon long-term cycling. The most common polymerizable
additives for Si electrodes are vinylene carbonate (VC) (241) and fluoroethylene carbonate
(FEC) (242), as they are proven to significantly reduce capacity fading. In addition, it has
been reported that they also enhance the thermal stability of the lithiated Si (243). VC and
FEC have higher reductive potentials than the electrolyte solvents and thus are reduced

first (244,245). The formed polymeric layer is thinner, denser and shows higher stability than
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the conventional SEI formed without an additive (246). However, the decomposition products

and mechanisms are still not completely understood (245,246).
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Figure 31. Proposed reaction mechanism for the decomposition of FEC and VC (247,248)
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3.6.5 Composite Materials

As pristine nanosized Si still suffers from loss of electrical contact, low electrical conductivity
and electrolyte additives cannot prevent SEI growth on it completely, it is usually used in

composite materials for further improvement (249).

In an ideal composite material the Si is embedded in a host matrix buffering the large volume
changes, so that electrode integrity and electrical contact of the active Si and the conductive
phase maintains. To this end, the host matrix must have efficient pathways for electron and
Li* transport and must maintain the microstructural stability of the electrode. Furthermore the
host matrix must also have a dimensional stable surface to prevent continuous SEI growth

and must act as a spacer to reduce the aggregation of Si particles upon cycling (180).
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Nowadays, a vast number of different composite materials exist, with more or less
electrochemical improvement. The approaches are usually divided into composites of Si with

an active or inactive matrix (176).

In active matrix composites, both the Si and the host matrix are reactive towards
electrochemical lithiation. The idea of this kind of composite is to have one compound
lithiated while the other acts as a buffer phase to alleviate the volume change as they react
with Li at different onset potential (180). The most common materials are graphite or reactive
metals like Ag, Ca and Mg. In the case of alkaline earth metals, the intermetallic compounds
CaSi, (250) and Mg,Si (251,252) are used. The reaction mechanism of the Li insertion into
Mg,Si is proposed as follows (252):

Mg,Si+xLi* + xe~ - Li,Mg,Si
Eq. 11
LiyMg,Si+ x Li* + xe™ = LigiticaiMg2Si = LiggiureaMg,Si + Mg + Li — Si alloy
Eq. 12
Mg+ x Lit+ xe~ - Li — Mg alloy
Eq. 13

As Ag is immiscible with Si and does not form intermetallic compounds (253), mechanical
alloyed Ag-Si powders (254) or Ag-coated Si (255) are used. However, active matrix
composites still suffer from capacity fading due to the volume changes of the two reactive
phases. A better cycle stability can be achieved by limiting the second-component
lithiation (180).

Inactive matrix composites usually show better cycle stabilities compared to active ones, as
the host matrix is nonreactive (or less reactive) towards lithiation and hence it acts as a more
efficient buffer, with the drawback of less specific capacity. The matrix can be a metal such
as Cu, Fe or Ni (256,257,258), an alloy like FeSi, or Si;TizNis (259,260), a mix of Li,O and
Li,SiO, (obtained by electrochemical reduction of SiO,) (261), or a carbonaceous
material (262). Among them carbonaceous composites (Si/C) are the most popular
ones (231), as metals or alloys reduce the specific capacity to a greater extent due to their
high molecular weight (178) and the reduction of SiO, leads to unreasonable high irreversible
capacity in the first cycle (263). A huge variety of Si/C composites exist and they differ
generally in their morphology (wires, tubes, spheres, films or 3D networks), in the position of
Si (surface or encapsulated) and their structure (core-shell or not, presence or absence of
hollow moieties). The most common Si/C composites are summed up in Table 2. including

the corresponding references for further detail.
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Table 2. Common Si/C composite types and examples

Highest delithiation capacity ~ Cycling performance

Class of composite material [mAh g‘l] [mAh g'l] after # cycles  Ref.
C-coated Si 1525 1354 /100 (264)
Surface grafted C bond to Si 1100 540/50 (265)
Plum pudding like Si/C 1507 885/100 (266)
Si embedded in porous 3D C network 2000 1500/ 100 (267)
Si-coated CNT 2755 2510/80 (268)
SiNPs in C fiber 1490 600/70 (269)
SiNPs in CNT 969 850/ 200 (270)
SiNT in CNT 1250 750 / 250 (271)
Si/C multilayer films 2200 2000/ 60 (272)
Crumbled graphene encapsulated SiNPs 1125 940/ 250 (273)
SiNPs/graphene sandwich 2080 1410/100 (274)
Si-coated graphene 1350 1300/ 30 (275)
Si/C nanoporous microspheres 1614 1000/ 50 (276)
Yolk-shell Si/C 2833 1500/ 1000 (277)

It should be noted that a direct comparison of the electrochemical performance of the
different composite types is inadmissable by the illustrated values. This is because the
performance is also depend on factors like the lithiation/delithiation times (C-rates),
electrolyte, binder, mass loading of the electrodes, cell geometry etc. and they usually differ
keenly among the available literature. However, one can say that composites that contain
encapsulated silicon and hollow moieties such as SiNPs in CNTs, SiNTs in CNTs or
yolk-shell Si/C composites generally exhibit the most stable cycling performance, as they are
dimensionally stable and do not show continuous SEI growth (228).
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Figure 32. Mechanism of cycling stability for SINT in CNT (a) (234) and yolk-shell Si/C composite (b) (239)
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4 Experimental Part

4.1 Introduction

The application of Si as negative electrode materials is a promising approach to satisfy the
demands for future high capacity power devices. However, cost-effective, scalable routes for
the production of nanosized Si and composites thereof are necessary for the implementation
in commercial LIBs. Within chapter 2.4 it was shown that HEBM offers an easy and cheap
way to achieve this.

Research on ball milled Si for LIBs began in the first half of the last decade and was based
on dry-milling (278). However, the majority of the obtained particles are larger than 150 nm
and the milling times are in the range of 20-200 h (279,280), which is insufficient for industrial
production. On the other hand, wet-milling keenly diminishes the milling times and enables
the fabrication of smaller particles. It is therefore the method of choice for this thesis and the
motivation behind the utilization of wet-milled, nanosized Si is not only its ease of production,
but also that it has not yet been extensively studied in LIBs.

In the following chapters the wet-milling of Si is investigated in detail, including surface
functionalization and the influence of the miling parameters. For electrochemical
investigations the as obtained nanosized Si is used for the production of simple Si/C

composites and more complex core-shell structured ones.

4.2 Analytical Characterization

This chapter gives a brief overview over several analytical techniques applied in this work for
the characterization of the prepared SiNPs, composites and corresponding electrodes. If not
otherwise stated, for the characterization of SiINPs the solvent of the milling suspension is
removed and the obtained powder is further dried at elevated temperatures and reduced

pressure to remove residual solvent.

e Particle size distribution measurements are carried out with static light scattering using
a FRITSCH Analysette 22 Nanotec plus. A drop of the surfactant FRITSCH Dusazin 901
is added to the powder or suspension to be measured and mixed with a spatula to obtain

a paste-like suspension. 20-30 mL of deionized water is added and ultrasonic is applied,
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if further dispersing is necessary. The ultrasonic bath Fisher Scientific FB15063 is used
for mild dispersing conditions and a disintegrator is used if harsh conditions are required
(SiNPs). The disintegrator consists of the high frequency generator GM2200, the
ultrasonic transducer UW2200 and the sonotrode TT13 of the SONOPULS series from
BANDELIN.

o FT-IR measurements are carried out with a PerkinElmer Frontier IR Single-Range
System using the Universal ATR Sampling Accessory.

e SEM pictures are taken with an ESEM TESCAN 500 PA (VEGA 3 control software) with
a heated tungsten filament and an OXFORD INSTRUMENTS INCAXx-act detector is used
for EDX measurements. If the sample needs to be sputtered with Au, a CRESSINGTON
108auto Sputter Coater is used.

e XRD measurements are carried out with a BRUKER D8 Advance.

e BET measurements are performed by the Research Center Pharmaceutical Engineering
GmbH using a Micromeritics ASAP 2000.

e GC/MS measurements are carried out with an Agilent Technologies 7890A gas
chromatograph, a HP5-ms column and a 5975C VLMSD mass spectrometer (same
company). For Py-GC/MS a FRONTIER LAB Double Shot Pyrolyzer PY-2020iD is used
in addition.

o TGA/DSC/MS measurements are performed by the Institute for Chemistry and
Technology of Materials (ICTM) of Graz University of Technology.

4.3 Electrode Preparation and Electrochemical Characterization

The electrode preparations are carried out by slurry technique using an automated doctor
blade. If not otherwise stated, the electrode preparation proceeds as follows. The binder
(NaCMC) gets dissolved in deionized water to form a viscous solution. NaCMC is chosen as
standard binder as it shows superior cycling performance for Si containing electrodes (281).
After dissolving the binder, a drop of surfactant (SOPROPHOR® FLK), conductive additive
(CNERGY™ Super C65) and the active material(s) are added. The solids content is
generally ~ 25 %. The composition varies according to the composite used and is therefore
listed in the corresponding chapter. The resulting slurry is then mixed over night via magnetic

stirring.

The next day, the slurry is coated on surface roughened copper foil (SCHLENK) by an
automated film applicator (ERICHSEN COATMASTER 509; TQC VF2174). The coated
copper foil is pre-dried in a compartment dryer (Memmert UF110) for 3-4 hours at 60 °C.
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After that, electrodes and 3 blanks with a diameter of 12 mm are punched out from the
electrode foil using a hollow punch and a rubber mallet. The electrodes and blanks are dried
over night in a BUCHI Glass Oven B-585 at 120 °C and ~10" mbar.

The electrodes and the blanks are weighed with a METTLER TOLEDO XS205 Dual Range
balance. The mass loading of an electrode is determined by subtracting the average blank
weight from the electrodes weight. After weighing the electrodes are dried again over night
(under the previous mentioned conditions) and placed in an Ar filled glove box (MBRAUN
LABMASTER SP MB20-G; < 0.1 ppm H;0, < 0.1 ppm O,).

Electrochemical measurements are performed in a Swagelok® three-electrode half cell setup.
In this cell setup Li metal is used as counter electrode as well as reference electrode. The
cells are assembled in the above mentioned glovebox using electrodes with a mass loading
of ~ 1 mAh cm™® as working electrode. At higher mass loadings the performance would be
limited by the Li counter electrode and lower loadings may hide important material limitations,

such as high electrical and ionic resistance or low structural stability (5).

Currentcollector reference electrode

A

Current collector counter electrode

7

’.
}.

F
F

Current collector »
working electrode ‘,)’

o

Figure 33. Scheme of a Swagelok® three-electrode setup (282)

The current collectors are made from stainless steel (specification 1.4301) jacketed with PP
to prevent electrolyte contact, which would lead to a mixed potential. A Mylar® foil (PET, 75
um) is used to prevent contact of the Swagelok® casing with the current collectors, which
would cause a short circuit. The separator is a stack of three-layered Freudenberg FS2190
(PP, 230 um layer thickness) fleeces with a diameter of 12 mm (between working- and

counter electrode) and 6 mm (reference electrode). Prior to cell assembly the separators are
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completely soaked with electrolyte (& 12 mm: ~ 100 pyL; @ 6 mm: ~ 25 pL). The used
electrolyte is an EC/DEC (3:7 w/w) mixture with 1 M LiPFs and 2 wt% VC additive, as the
composition and the additive have shown good cycling and SEI forming properties (243,283).
If another electrolyte composition or additive is used, it will be denoted at the accompanying
part of the thesis.

After cell assembly, the electrochemical characterizations are carried out by cyclic

voltammetry (CV) and constant current charging (CCC) measurements.

4.3.1 Cyclic Voltammetry

CV is a potentiodynamic electrochemical measurement technique at which the working
electrode’s potential is ramped linearly versus time and the current flow is recorded. By
reaching a defined potential (reversal potential), the working electrode’s potential is ramped
in the opposite direction to return to the initial potential or a second reversal potential.
Depending on the ramping direction these points are named cathodic- or anodic reversal

potential. These cycles may be repeated as many times as desired.

The measured current is then plotted versus the applied voltage to obtain the cyclic
voltammogram. The peaks observed provide in combination with the scan rate (AU/t) both
gualitative and quantitative information on electrode processes, such as lithiation/delithiation

mechanisms, kinetics and capacities.

The CV measurements are performed on a BioLogic MPG-2 potentiostat and the standard

measurement parameters are displayed in Table 3.

Table 3. Standard program used for CV measurements

Standard CV measurement parameters

Starting point ocv
Voltage limits of the cycle 0-15V
Scan rate 30pvst
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4.3.2 Constant Current Charging

CCC measurements are performed to test the long-term cycling behavior of electrodes under
galvanostatic conditions. Here, a constant current is applied to the cell while the working
electrodes potential (vs. reference electrode) is measured currentless versus time. The
constant current value is usually expressed as C-rate and represents the time needed to
charge/discharge a cell. If a cell has a nominal capacity of 30 mAh, a C-rate with the value 2
means that 60 mA are applied to cell and it is therefore charged/discharged within half an
hour. Contrariwise, 0.5 C (or C/2) is related to a current of 15 mA and charging/discharging is
performed within 2 hours. Depending on the active material, the cells are charged/discharged
till a certain potential, the so-called cutoff potential, is reached. At this point a constant
voltage can be applied to the cell to reduce overpotential and other kinetic effects and it is
charged/discharged for a certain time or as long as the current drops below a defined value
(typically C/20 or C/50). After the constant voltage step the current flow is reversed. The
procedure starts again from the beginning as the potential reaches the initial value or another
determined one. CCC measurements not only allow the observation of the cycling behavior
in terms of capacity but also provide information on the ongoing electrochemical reactions in
the form of potential profiles (charge/discharge curves) and differential capacity plots. The
measurements are performed on a MACCOR Series 4000 Battery Tester and the standard
program is shown in Table 4 (potentials vs. Li/Li").

Table 4. Standard CCC measurement program

Rest step of 6 h

Formation steps

Constant current Lithiation 01C—-5mV
Cycle1l Constantvoltage Additional lithiation 4h@5mV
Constant current Delithiation 0.1 C — 1500 mV
Constant current Lithiation 02C—->5mV
Cycle 2 Constant voltage  Additional lithiation 3h@5mvVv
Constant current Delithiation 0.2 C — 1500 mV
Constant current Lithiation 03C—->5mV
Cycle 3 Constant voltage  Additional lithiation 2h@5mV
Constant current Delithiation 0.3 C — 1500 mV
Cyclization
Further Constant current Lithiation 05C—-5mV
eycles Constant voltage  Additional lithiation l1h@5mVv
Constant current Delithiation 0.5 C — 1500 mV
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4.4 Planetary Ball Milling of Silicon

In planetary ball mills, the comminution of the material to be ground takes place primarily
through the high-energy impact of grinding balls in rotating grinding bowls. This special type
of high-energy ball mill is so named due to the planetary motion-like movement of the

grinding bowls shown in Figure 34.

a Rotation of the grinding bowl
b  Centrifugal force

¢ Rotation of the support disc

Figure 34. Movement of the grinding bowls in planetary mills (284)

The grinding bowl and the support disc have opposite rotation directions; hence the
centrifugal forces alternately act in like and opposite directions. The result is that the grinding
balls will run down the inside of the bowl’s wall with a friction effect and at a certain point the
grinding balls lift off the wall and collide against the opposing inside wall inducing an
impact effect. The contrary movement allows much higher rotation speeds, compared to
conventional ball milling, leading to higher impact energies. High impact energies in turn
reduce milling times and smaller particle sizes can be obtained. In conventional ball mills the
rotation speed is limited as at a critical speed the grinding balls and the milling media stick to

the wall caused by the centrifugal force, thus no further milling occurs.

It should be noted that in the English language two words exist for the German word
“‘Mahlen”, namely grinding and milling. In this regard, milling is used when referring to
deagglomeration of particles and dispersing them in a liquid medium. Grinding is used to
reference the process of taking particles and shear them down to actually reduce the
size (285). As both processes occur during wet-milling of Si and as the words are quite often

used as synonyms the word milling is used throughout this doctoral thesis.
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A FRITSCH PULVERISETTE 7 premium line planetary ball mill is used for the following

milling experiments. The feature of this mill is that the grinding bowls are sunk in the main

disc (support disc), which allows even higher rotation speeds compared to other planetary

ball mills. The most important mill specifications are shown in Table 5.

Table 5. PULVERISETTE 7 premium line specifications (286)

PULVERISETTE 7 premium line

Number of working stations 2
Grinding bowl sizes 20, 45, 80 mL
Sample quantity (depending on bowl size) 0.5-70mL
Final fineness (depending on the material) <0.1pm
Grinding process Dry/wet
Speed of main disk 100 — 1100 rpm
Transmission ratio lrelative = 1 : -2
Effective diameter of main disk 140 mm
Centrifugal acceleration (g = 9.81 m s™) 95¢

Another advantage is that for this mill a reasonable range of materials is available for the

grinding bowls and the grinding balls, shown in Table 6.

Table 6. Available grinding materials and their properties (284)

Material Main components Density Abrasion o
) 3 ] Use for grinding stock
(bowl and balls) of the material [gcm™] resistance
) Soft to medium-hard
Agate 99.9 % SiO; 2.65 Good
samples
. o ] Abrasive samples,
Silicon nitride 90 % SisN4 3.25 Extremely good o
metal-free grinding
Sintered ) Medium-hard,
99.7 % Al,O3 3.9 Fairly good ]
corundum fibrous samples
. . . Fibrous, abrasive
Zirconium oxide 96.2 % ZrO3 5.7 Very good
samples
. Bowl: 17-19 % Cr + 8-10 % Ni . Medium-hard,
Stainless steel ) 7.8 Fairly good )
Balls: 12.5-14.5 % Cr + 1 % Ni brittle samples
Bowl: 11-12 % Cr )
Tempered steel 7.9 Good Hard, brittle samples

Tungsten carbide

Balls: 1.0-1.65 % Cr

Hard, abrasive
93 % WC +6 % Co 14.9 Very good
samples
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Normally grinding bowls and grinding balls are chosen that are made of the same material,
otherwise abrasion occurs to a greater extent and in the worst case one of the materials may
be pulverized. Furthermore, the hardness and the density of the grinding materials must be
greater than that of the material to be ground, to prevent excessive wear by abrasion.

As Si has a density of 2.33 g cm™ (287) and a mohs hardness of 7 (288), WC-Co is the
grinding material of choice as its very high density (14.9 g cm™) (284) and a mohs hardness
of 8 (289) are ideal for the milling experiments. With a value of 9 on the mohs hardness
scale (288,290), SisN; and Al,O3; are the only at FRITSCH available materials which are

harder than WC-Co, however, their low densities make them inappropriate for Si.

80 mL WC-Co grinding bowls are used for all experiments as they are the largest ones

available and allow the production of sufficient amounts of nanosized Si.

The size of the grinding balls depends on the initial particle size of the material to be ground
and should be substantially larger as shown in Table 7.

Table 7. Size of the grinding balls in dependence of initial particle size (284)

Type of feed material Suitable ball diameter
Hard samples with a maximum feed size of 5 mm 20 mm /15 mm
Average feed size of 0.5 -1 mm 15 mm /10 mm
Fine material 0.1 — 0.5 mm 10 mm /5 mm
Very fine material < 0.1 mm 3mm/1.6 mm/0.6 mm
Homogenization of dry or liquid samples 10 mm /5mm

On the contrary, the grinding balls should not be too large as a smaller ball size leads to
smaller particles, a narrower particle size distribution and shorter milling times. The primary
used Si (-325 mesh, 99 % trace metals basis, SIGMA ALDRICH®) consists of particles
<44 um (291), hence the smallest available WC-Co grinding balls with a size of 0.6 mm can
already be used, as the ball size is more than a magnitude larger than the largest Si
particles. If the Si particles would be much larger (> 100 um), pregrinding with larger grinding

balls would be necessary.

In addition to the grinding materials and ball size, the ball to powder mass ratio (BPR),
sometimes referred to charge ratio (CR), should be rather high. A higher BPR reduces the
grinding duration and the grinding result will be within a smaller grain size range (89). In
technical application the ratio is typically of the order 1:5 to 1:50 (87). In the case of the
PULVERISETTE 7 pl the BPR is changed by varying the mass of the material to be ground,
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as the mass of the balls is specified by FRITSCH according to ball and bowl size. The values
for the corresponding WC-Co grinding balls can be found in Table 8 and should be complied

with to avoid unnecessary wear.

Table 8. Number or weight of WC-Co grinding balls in dependence of their size (284)

Ball diameter WC-Co grinding bowl
[mm] 80 mL
20 5 balls
15 10 balls
10 25-30 balls
5 2409
<3 3009

General milling procedure for nanosized Si:

Two 80 mL grinding bowls (WC-Co inlay) and the 0.6 mm WC-Co grinding balls are taken
out of a compartment dryer (60 °C). The grinding bowls are weight and marked, as their
weights differ slightly (< 0.4 %). The mass difference is calculated (~ 6 g) and divided by 2.
The obtained value x is used to calculate the exact weight of grinding balls needed for the
respective grinding bowl (300+x g). This is necessary as the grinding bowls are filled with the
same quantities of Si and solvent, and each filled bowl must have the same weight to prevent

fatal imbalance at high rotation speeds.

The empty grinding bowls are filled with their corresponding quantities of grinding balls and
the Si is placed above the grinding balls. Then a certain amount of solvent is added and the
filled bowls are placed in a plastic box. The box is filled with Ar (5.0, LINDE GAS) for at least
2 min and the grinding bowls are sealed under gas flow. The bowls are then fixed in the main
disc of the mill, the milling parameters (rotation speed, milling duration, cooling time, number

of cycles) are entered and the milling process is started.

After milling, the bowls are allowed to cool down below 30 °C and a possibly existing
overpressure is released slowly by a valve. The contents of the bowls are poured in a large
beaker or crystallizing dish and 100-150 mL solvent (usually the milling solvent) are added.
The beaker or dish is placed in an ultrasonic bath for approximately 5 min and the obtained
milling suspension is filled in a lidded container for storage until use. A 280 pm sieve

(RETSCH) is used to retain the grinding balls. Ultrasonication is used for cleaning.
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4.4.1 Milling Parameters

It should be noted that grinding balls with diameters of 5 mm or less cause high thermal
stress due to friction. The stress increases with smaller ball size (= larger surface) and higher
rotation speeds. Furthermore, occurring chemical reactions can increase the stress and
cause overpressure. Thermal stress is particularly hazardous if wet-milling is performed as
the inside temperature may reach the boiling point of the solvent easily. In this context
serious explosions have been reported (284). To reduce the risk of hazardous incidents, the
silicon flat seal of the grinding bowl is designed to open above a static internal pressure of 18
bar. However, the overpressure relief does not work in the case of sudden pressure surges
and the locking hooks of the bowl’s lid could be torn off as they are designed to withstand an
internal pressure up to 40 bar. Hence, a for any milling system the maximum milling
durations and minimum cooling times have to be determined as function of the rotation

speed to ensure safe milling.

These values are determined as follows: After milling for 2 min at a certain rotation speed the
surface temperature is measured at the lid and at the bottom with a surface probe (type K). If
the higher temperature is below 80 °C further milling can be carried out. The milling duration
can be expanded or reduced depending on how far away the measured value is from 80 °C.
Milling is carried out as long until the temperature exceeds 80 °C. A cooling step of 1 h
follows and the sample is milled again in one step. The milling duration of this step is the sum
of those needed to exceed 80 °C. If the temperature does not increase, the cooling times can
be reduced in 5 min intervals (but not shorter than 30 min), always followed by the same
milling duration. This sequence is exerted as long as an increase of the temperature can be
observed. To be economical the milling parameters are then the milling time needed to reach
80 °C and the shortest cooling time in which no increase of temperature could be observed.
In general, 5 minutes are added to the cooling time in order to have a safety margin. The
measured values for Si milled in 1-methoxy-2-propanol (1-M-2-p) are shown in Table 9.

Table 9. Measured milling parameters for Si milled in 1-M-2-p

7.5 g Si, 20 mL 1-Methoxy-2-propanol, 300 g WC-Co grinding balls @ 0.6 mm

Rotation speed Milling duration Cooling time
[rpm] [min] [min]
500 60* 30
700 10 45
900 4 45

* The temperature does not reach 80 °C, but milling without a break should be restricted to 60 min

50



Experimental Part Doctoral Thesis Pierre Baumann

Milling with rotation speeds > 900 rpm is not possible with 80 mL WC-Co grinding bowls and
the corresponding grinding balls as the overall weight of the filled bowls is too large for the
mill. If higher rotation speeds are entered the mill automatically adjusts it to 900 rpm.

In addition to 1-methoxy-2-propanol, milling is also carried out in the following solvents:
1-octene, n-heptane, benzene, ethanol and 2-propanol. The physical properties of the used

solvents are shown in Table 10 (data is obtained from SciFinder® Substance Identifier).

Table 10. Key physical properties of used milling solvents

. Boiling point Density

Milling solvent 3

[°C] [gcm™]

1-Methoxy-2-propanol 120 0.962
1-Octene 121 0.715
n-Heptane 98 0.680
Benzene 80 0.879
Ethanol 78 0.789
2-Propanol 82 0.785

The milling parameters for 1-octene and n-heptane are ascertained to be equal to
1-methoxy-2-propanol (see Table 9). In the case of the other solvents, rotation speeds above
500 rpm lead to serious overpressure and milling suspension emerges within less than 2
minutes due to the low boiling points. The milling parameters 500 rpm rotation speed, 60 min
milling duration and 30 min cooling time are tested for ethanol (lowest boiling point),
however, after 2-3 cycles milling suspension emerges too. With a reduction of the milling
duration to 30 min, the milling cycles can be performed for all solvents without emerge of
suspension. If not otherwise stated, the milling parameters shown in Table 11 are therefore

used for all milling operations to have comparable milling parameters.

Table 11. Standard milling parameters for Si milled in various solvents

Rotation speed Milling duration Cooling time
[rpm] [min] [min]
500 30 30
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4.4.2 Influence of the Milling Conditions on the Particle Size Distribution

In this chapter, the influence of various milling conditions on the particle size distribution is
discussed for the milling of Si -325 mesh. The particle size distribution and a SEM

micrograph of the starting material are shown in Figure 35.
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Figure 35. Particle size distribution of Si -325 mesh (top) and SEM micrograph (bottom) of Si -325mesh

Table 12. Particle size distribution values of Si -325 mesh

@ Particle size D10 D50 D90 (D90 - D10)
[km] [um] [km] [um] D50
17.6 3.2 16.2 33.9 1.90

52



Experimental Part Doctoral Thesis Pierre Baumann

A D10 value of 3.2 um means that 10 % of the measured particles are smaller than 3.2 um.
Equally, D50 and D90 mean that 50 % and 90 % of the particles are smaller than the
denoted value. The dimensionless measure (D90 — D10)/D50 represents the relative span
(width) of the particle size distribution.

In the particle size distribution and the SEM micrograph it can be seen that there is a small
amount of particles larger than 44 um (325 mesh = 44 um). This can be explained by the
irregular shape of the Si, which allows slightly larger particles to pass the mesh during

sieving.

In general, Fraunhofer diffraction is used for measurements of particles larger than the
wavelength of the light used for static light scattering and Mie scattering is used for smaller
ones. In the case of the ANALYSETTE 22 NanoTec plus two green semiconductor laser
(A =532 nm, one laser for backscattering) and an IR semiconductor laser (A = 940 nm) are
used for the measurements (292). The particle size distribution is calculated from the
scattering pattern with the required theory. According to the laser wavelengths, Fraunhofer
diffraction is used for particles in the um region and Mie scattering is used for the nm region.
The used Mie parameters for Si are shown in Table 13.

Table 13. Mie parameters of Si

Refraction index Refraction index Absorption coefficient  Absorption coefficient
green laser IR laser green laser IR laser
4.242 4.200 0.100 0.100

For the measurements of the milling suspension, the samples are treated with the
disintegrator (ultrasonic) as long as no further decrease in the particle size can be observed.
The measurements are then repeated at least 3 times in order to ensure reproducibility. In

addition, SEM micrographs are taken to verify the particle size distribution measurements.

4.4.2.1 Influence of the Rotation Speed

It is investigated how the rotation speed influences the particle size distribution for milling
experiments with the same overall milling duration. Furthermore, the overall milling duration

needed to obtain a specific average particle size is investigated for different rotation speeds.
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Figure 36. Particle size distribution measurements of Si milled for 2 h with 500 rpm and 700 rpm

Table 14. Particle size distribution and milling values of Si milled for 2 h with 500 rpm and 700 rpm

7.5 g Si, 20 mL 1-Methoxy-2-propanol, 300 g WC-Co grinding balls @ 0.6 mm

Rotation speed  Overall operation time @ Particle size D10 D50 D90 (D90 - D10)
[rpm] [h] (nm] [nm] (nm] [nm] D50
500 3 130 70 89 302 2.61
700 11 110 67 85 264 2.32

From Figure 36 and Table 14, it can be seen that for the same milling duration, a higher

rotation speed leads to a smaller particles. This can be explained by the higher impact

energies of the grinding balls at higher rotation speeds. Noteworthy is that although the

difference in the average particle size is < 20 %, the overall operation time (sum of milling

duration and necessary cooling times) differs nearly by a factor of 4. This behavior can be

particularly seen if one compares the milling duration needed to obtain the same particle size

distribution for different rotation speeds.

Table 15. Milling duration and overall operation time needed to obtain the same particle size distribution

7.5 g Si, 20 mL 1-Methoxy-2-propanol, 300 g WC-Co grinding balls @ 0.6 mm

Rotation speed  Milling duration ~ Overall operation time & Particle size D10 D50 D90

(D90 - D10)
[rpm] [min] [min] [nm] [nm]  [nm] [nm] D50
500 90 120 150 71 92 331 2.83
900 40 490 150 71 92 331 2.83
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In Table 15 it can be seen the milling duration needed to obtain a certain particle size is
significantly lower for higher rotation speeds. However, high rotation speeds require longer
cooling times and lead to much longer overall operation times. Hence, high rotation speeds
are unfavorable concerning the throughput and are another reason for choosing 500 rpm as
standard rotation speed. All further milling experiments are carried out using the standard

milling parameters from Table 11.

4.4.2.2 Influence of the Ball-to-Powder Weight Ratio
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Figure 37. Influence of the BPR on the particle size distribution of 2 h milled Si

Table 16. Particle size distribution and milling values of Si milled for 2 h with different BPR's

500 rpm, 20 mL 1-Methoxy-2-propanol, 300 g WC-Co grinding balls @ 0.6 mm

Si @ Particle size D10 D50 D90 ( - )
[9] oPR [nm] [nm] [nm] [nm] D9%5‘? N
7.5 40:1 130 70 89 303 2.62
9.5 321 150 70 92 334 2.87
15 20:1 165 70 94 341 2.88

From the particle size distributions of Si milled with different BPR’s it can be seen that a
higher BPR leads to smaller particle sizes and hence reduces the milling duration to obtain a

certain particle size distribution.
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4.4.2.3 Influence of the Milling Duration

In general, longer milling durations lead to smaller particles. In this context it is investigated

how strong the decrease of the particle size depends on the milling duration.
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Figure 38. Dependency of particle size distribution and milling duration for Si milled in 1-M-2-p

Table 17. Particle size distributions of Si with different milling durations in 1-M-2-p

7 g Si, 27 mL 1-Methoxy-2-propanol, 300 g WC-Co grinding balls @ 0.6 mm

Milling duration @ Particle size D10 D50 D90 (D90 - D10) AQDIAL
[h] [nm] [nm] [nm] [nm] D50 [nm h™]
15 150 71 92 331 2.83 11.6 x10°
2 135 70 88 311 2.74 30
2.5 125 69 88 300 2.63 20
100 64 80 115 0.64 16.7
85 63 78 97 0.44 75

The particle size distributions shown in Figure 38 and Table 17 show that with increasing
milling duration the average particle size and the relative span decrease. After 6 h milling no
particles larger than ~ 150 nm can be observed in this milling system. The value AQ/At
displays the decrease of the average patrticle size within time. It is calculated by dividing the
difference of the average particle size of two following milling durations by their
corresponding milling duration difference. The value for 1 h 30 min milling is calculated with

the difference to the starting material (-325 mesh). These values should show that the
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smaller the particles get, the more time it takes to further decrease the size. The influence of

the milling duration on the particle size distribution is also determined for a system using

EtOH as milling solvent and is shown in Figure 39.
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Figure 39. Dependency of particle size distribution and milling duration for Si milled in EtOH

Table 18. Particle size distributions of Si with different milling durations in EtOH

5 g Si, 29 mL EtOH, 300 g WC-Co grinding balls @ 0.6mm

Milling duration @ Particle size D10 D50 D90 (D90 - D10) AQDIAL
[h] [nm] [nm] [nm] [nm] D50 [nm h™]
0.25 380 71 308 902 2.70 68.9 x 10°
0.5 165 68 91 345 3.04 860
140 67 89 329 2.94 50
100 64 82 111 0.57 40
80 62 78 97 0.45 10

It is remarkably that already after 15 min more than 90 % of the particles are in the nm region

and emphasizes that SiNPs can be obtained easily by planetary ball milling. The trend that

further particle size reduction requires unproportional longer milling durations can be seen

again in Table 18. The higher values for the size reduction rate can be explained by the

higher BPR of 60:1 compared to 43:1 for the system shown in Table 17. In Figure 40 the

average particle size is plotted vs. the corresponding milling duration for the above shown

values.
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Figure 40. Dependency of average particle size and milling duration of Si in EtOH

4.4.2.4 Influence of the Milling Solvent and Surface Functionalization

During milling Si-Si bonds are homolytically cleaved, the originating Si radicals and dangling
bonds are highly reactive towards the milling solvent or oxygen. The mechanochemical
reaction leads to surface functionalization and/or oxidation. The influence of the milling

solvents on the particle size distribution and the surface of the Si is discussed in this chapter.

A comparison of ATR-FTIR spectra of the starting material, a SiO, nanopowder (5-15 nm,
Sigma Aldrich) and SiNPs obtained by the pyrolysis of SiH,; (30-50 nm, Nanostructured &
Amorphous Materials, Inc.) is shown in Figure 41. This figure gives a short overview of the
peaks that might occur in the spectra of milled Si and are assigned according to available
literature and comparisons. It is immediately noticeable that in the spectrum of the starting
material not a single peak is visible. This does not imply the absence of oxide moieties, as it
is know that Si forms a native oxide layer of 1-2 nm thickness (37). However, the low surface
to bulk ratio of um sized particles compared to NPs leads to a significantly lower amount of
overall surface oxide and hence the signal might be too weak to be detected by ATR-FTIR. It
should be further noted that this measurement technique is mainly used for qualitative
characterization. Quantitative characterizations are difficult, as the amount of sample
exposed to the IR radiation is impossible to be determined and differs for each

measurement. The reason for this is that the IR radiation does not pass through the sample.
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Figure 41. Comparison of ATR-FTIR spectra of Si -325 mesh (blue), NAM Si (red) and SiO; (black)

Instead ATR (attenuated total reflection) uses the property of total internal reflection resulting
in an evanescent wave. The penetration depth of this wave into the sample is only a few pm.
Therefore the amount of sample exposed to the IR radiation depends on the particle size,
packing density and the compacting pressure of the stamp used to bring the sample in
contact with the ATR crystal. However, changes of a sample can be determined
semi-quantitatively, if there are peaks available which do not change upon oxidation or

another occurring reaction by the relative transmission of the corresponding peaks.

The spectra of SiO, and NAM Si show various peaks for O-H and Si-O stretching (v) and
bending () vibrations. The broad peak in the region above 3000 cm™ can be assigned to
O-H stretching vibrations for silanol groups and surface water, whereas the bending
vibrations can be found in the region 1700-1600 cm™ (293,294). The peaks are usually very
broad due to hydrogen bonding. The asymmetric Si-O-Si stretching vibration is located in the
region 1200-1000 cm™ (295). This vibration contains a mode in which adjacent O atoms
execute the asymmetric stretching motion in phase with each other (TO phonon mode) and
an asymmetrical stretching mode in which the adjacent O atoms execute it out of phase with
each other (LO phonon mode) (296,297). Both modes are visible for each SiO, and NAM Si
in different ratios at 1170 cm™ and 1065 cm™. The peak at 970 cm™ is attributed to the Si-O
stretching vibration of the silanol group (298). A Si-O-Si vibration occurs at 800 cm™,
however there is a discrepancy in the literature whether it is the symmetric stretching
vibration (295,298) or a bending vibration (297,299). The peaks at 2260 cm™ and 875 cm™
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correspond to the stretching (300,301) and bending (296,302) vibration of Si-H bonds of an
oxidized Si surface and can only be found in the spectrum of NAM Si. This can be explained
by residual Si-H bonds present at the surface after the thermal decomposition of SiH4. The
presence of these peaks is noteworthy as it implies that Si-Si bonds oxidize easier than the
Si-H bonds.
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Figure 42. Comparison of the ATR-FTIR spectra of EtOH (red) and Si milled in EtOH (black)

Figure 42 shows the functionalization of Si by milling in ethanol. The peaks in the spectrum
of ethanol are assigned according to reference (303). It is remarkable that the broad band of
the O-H stretching vibration in the region 3700-3000 cm™ has a significantly lower intensity
than the adjacent C-H stretching vibration for the milled Si compared to ethanol. This can be
explained by the reaction of the ethanol with the Si radicals and dangling bonds upon milling,
which leads to the formation of Si-H bonds with the acidic proton and the formation of Si-O-C
bonds with the ethoxy-moiety. Further evidence for this reaction is the appearance of the
peak at 2100 cm™, which is attributed to Si-H stretching vibrations (304,305), as ethanol is
the only H source available in the milling system. The reaction of the acidic proton is further
confirmed by lack of the O-H bending vibration at 1330 cm™ for the milled Si and the
appearance of a peak at 1160 cm™, which is characteristic for SIOEt groups (306). In addition
the stretching vibrations of the silanol group (965 cm™) and the Si-O bond (785 cm™) indicate
that a different reaction occurs too, which includes the cleavage of the C-O bond of the

alcohol and the oxidation of the silicon surface. There is also an indication of the ethyl radical
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reacting with the Si surface, as a small peak appears at 1250 cm™, which has been reported
to be a Si-C stretching vibration (94,307). This peak has been reported to be very small, but
for Si-Et peaks in the region the regions 1020-1000 cm™, 975-965 cm™ and around 770 cm™
should be visible too (306,307). However, these peaks are overlapped not only by Si-O
vibrations (1200-1000 cm™, 965 cm™ and 785 cm™) but also by various Si-O-C
(1200-1000 cm™) (308,309) and C-O vibrations (1200-1000 cm™) (310,311). Hence, a
distinction of these different vibrations is impossible. The O,Si-H, vibration at 875 cm? is
probably overlapped with a C-C-O vibration of the ethoxy-moiety. The stretching vibration of
O,Si-H, around 2260 cm™ is difficult to distinguish from the background as the signal is very
weak and broad. The same applies for the SiO-H and HO-H bending vibrations in the region
1700-1630 cm™.

The functionalization of the Si surface is further proven by EDX measurements, especially if
one takes a look at the values for different milling times as shown in Table 19.

Table 19. EDX measurements of Si with different milling durations in EtOH

5 g Si, 29 mL EtOH, 300 g WC-Co grinding balls @ 0.6 mm

Milling duration C (0] Si w
[h] [wt%%o] [wt%o] [wt%o] [wt%]
0.25 12 5 82 <1
0.5 13 6 79 2
14 7 77 2
15 9 72 4
18 15 61 6

It is apparent that with longer milling durations the C and O contents increase and the Si
content decreases due to the surface functionalization. The stronger increase for O might be
caused by oxidation of the surface, as the samples are not handled under inert atmosphere
during EDX sample preparation. The increase of W content upon longer milling durations is

caused by abrasion of the grinding balls and bowls during milling.

The functionalization of Si by milling in 1-methoxy-2-propanol is shown in Figure 43. The lack
of the stretching and bending vibrations of the CO-H bond at 3410 cm™ and 1330 cm™ can
also be clearly seen for this milled Si. In this case, also the Si-H stretching vibration of the
oxidized surface is visible at 2250 cm™ and its bending vibration at 875 cm™ is not
overlapped by a C-O vibration. Further the peak maximum in the region 1200-1000 cm™ is
not directly overlapped by a C-O vibration, as it is the case for ethanol. The stretching

vibration of Si-OH cannot be seen as it is overlapped by C-O vibrations.
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Figure 43. Comparison of the ATR-FTIR spectra of 1-M-2-p (red) and Si milled in 1-M-2-p (black)

A peak at 1250 cm™ can also be seen for the Si milled in 1-methoxy-2-propanol, however, it
might not be a Si-C vibration, as a peak at this position is also visible for the alcohol.

Transmittance

Figure 44. Comparison of the ATR-FTIR spectra of 1-octene (red) and Si milled in 1-octene (black)
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Figure 44 shows the functionalization of Si by milling in 1-octene. The peaks in the spectrum
of 1-octene are assigned according to reference (312). It is striking that for the Si milled in
1-octene stretching vibrations of C-H bonds are visible in the region 2950-2800 cm™ and the
bending vibration of double bond C-H at 990 cm™ and 910 cm™ are not, which proves
functionalization. Further the C=C stretching vibration is not visible in the spectra of the
functionalized Si. Interestingly, the Si-H stretching vibration at 2100 cm™ is also visible. This
leads to the conclusion that the fresh Si surface produced during ball milling is not only
reactive enough to break O-H and C-O bonds but also C-H bonds. The peak around
1000 cm™ is attributed to Si-O-Si vibrations. The signal is very small compared to Si milled in
alcohols as 1-octene does not contain O-atoms and it is not overlapped by C-O or Si-O-C
vibrations. The presence of the signal can be explained by the presence of a native oxide

layer on the starting material and possible oxidation during sample preparation.
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Figure 45. ATR-FTIR spectrum of Si milled in 1-octene (zoomed in)

In this case, the small peak at 1250 cm™ can just correspond to the Si-C stretching vibration.
This is confirmed by the presence of the CH, wagging vibration at 720 cm™, which is typical
for Si surfaces functionalized with alkyl groups (93,94). There is a very interesting vibration
present at 2000 cm™, as it is assigned to monohydrogenated a-Si-H bond (313). This peak is
also present in spectra of Si milled in alcohols, however, the signal is usually smaller and it is
difficult to distinguish from the background. The amorphous Si originates from the ball

impacts during milling which produce nm crystallites with amorphous boundaries (314).
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A comparison of the particle size distribution measurements for Si milled in
1-methoxy-2-propanol and Si milled in 1-octene is shown in Figure 46. By this figure it is
clearly shown that the used milling solvent has a prodigious influence not only on the surface
functionalization but also on the particle size distribution.
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Figure 46. Particle size distribution measurements of Si milled for 3 h in 1-M-2-p and 1-octene

Table 20. Particle size distribution and EDX values of Si milled for 3 h in 1-M-2-p and 1-octene

5 g Si, 27 mL milling solvent, 300 g WC-Co grinding balls & 0.6 mm

Milling @ Particle size D10 D50 D90 (D90 - D10) C O Si W

solvent [nm] [nm]  [nm]  [nm] D50 [Wt%]  [wt%]  [wt%] [Wt%)]
1-M-2-p 95 65 82 107 0.51 27 15 53 5
1-Octene 155 71 95 335 2.78 18 4 77 <1

It is remarkable how much larger the particles are for Si milled in 1-octene compared to
1-methoxy-2-propanol. A possible explanation for this behavior might be the stronger
oxidation of the Si surface by milling in 1-methoxy-2-propanol, which could facilitate crack
formation induced by grinding ball impacts, especially at the crystallite boundaries. In
addition, also the larger wear of the grinding balls and bowls for the 1-methoxy-2-propanol
system might contribute to this behavior too, as the abraded WC patrticles are much smaller
than the grinding balls. However, this effect would be possibly low as the amount of wear is
infinitesimal compared to the grinding balls. The corresponding SEM micrographs of Si milled
in the two different solvents are shown in Figure 47. The figure shows clearly that the

particles are smaller for Si milled in 1-methoxy-2-propanol than those milled in 1-octene.
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Figure 47. SEM micrographs of Si milled for 3 h in 1-M-2-p (left) and 1-octene (right)

SEM micrographs are of particular importance for Si milled in 1-octene, n-heptane and
benzene, as particle size measurements are performed in deionized water. The hydrophobic
surface of the SINPs obtained with these solvents hinders dispersing immensely, even if
large amounts of surfactant are used. Hence, particle size measurements are not possible

for most of these samples.
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Figure 48. Dispersing behavior of Si milled in 1-M-2-p (left) and 1-octene (right) in deionized water

Figure 48 shows the different dispersing behavior depending on the surface functionalization.
Si milled in an alcohol is much easier to disperse due to the partially oxidized surface
including silanol groups. Further, the alkoxy-moieties are polar too and the Si-OC bonds tend
to hydrolyse within time, resulting in even more Si-OH groups.
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Figure 49. SEM micrographs of Si milled in 1-octene for 3 h (a), 6 h (b) and 12 h (c)

Figure 49 shows that with longer milling durations the particles can be further reduced for
1-octene and results after 12 h in a comparable SEM micrograph as the one for 1-methoxy-2-
propanol shown in Figure 48. Table 21 shows that with longer milling durations in 1-octene
the C content of the SiNPs increases due to the larger surface functionalized.

Table 21. EDX measurements of Si with different milling durations in 1-octene

5 g Si, 27 mL 1-Octene, 300 g WC-Co grinding balls & 0.6 mm

Milling duration C (0] Si W
(h] [wi%] [wi%] [wi%] [wi%]
3 18 4 77 <1
6 20 5 73 2
12 23 5 70
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The O content remains stable upon prolonged milling, which indicates that the grinding bowls

are sealed airtight. This fits very well to the circumstance of a slightly overpressure present in

the bowls after milling in 1-octene. A low overpressure is also observed for milling in benzene

and n-heptane and is contrary to the high overpressure for Si milled in alcohols.

Table 22. EDX measurements of Si milled for 4 h in EtOH, 1-M-2-p, n-heptane and benzene

5 g Si, 27 mL milling solvent, 300 g WC-Co grinding balls @ 0.6 mm

. C o Si w
Milling solvent
[wt%)] [wt%)] [wt%] [wt%%]
EtOH 18 15 61 6
1-M-2-p 25 17 53 5
n-Heptane 15 79 <1
Benzene 36 56 <1
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Figure 50. SEM micrographs of Si milled for 4 h in EtOH (a), 1-M-2-p (b), n-heptane (c) and benzene (d)
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O and W values of Si milled in 1-octene are comparable to Si milled in n-heptane and
benzene. The slightly higher O content for benzene shown in Table 22 might be caused by
water traces present. Interestingly, the Si milled in benzene shows high C values, which
leads to the conclusion that it is highly reactive towards the Si radicals. The particle sizes
obtained by milling in these solvents are again significantly larger than those obtained from
ethanol or 1-methoxy-2-propanol, as shown in Figure 50.

\
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Figure 51. Comparison of the ATR-FTIR spectra of n-heptane (red) and Si milled in n-heptane (black)

As seen in Figure 51, Si milled in n-heptane gets significantly less functionalized than in
1-octene, which is attributed to the weak C-H stretching vibrations compared to the Si-H and
Si-O-Si vibrations. This can be explained by the lack of functional groups which preferentially
react with the Si radicals and dangling bonds, such as alcohol groups or double bonds, and

the high dissociation energies of C-H bonds in linear alkanes due to low radical stability.

This is in contrast to Si milled in benzene (Figure 52), as the conjugated double bonds in the
ring are able to stabilize radicals and hence lead to much higher reactivity towards the
radicals present at the freshly produced Si surface during milling. The vibrations in the
spectra of benzene and the milled Si are assigned according to references (315,316). The
functionalization of Si by milling in benzene can be seen by the disappearance of the
aromatic C-H vibration at 665 cm™ and the appearance of vibrations at 735 cm™ and
700 cm™. These two peaks are characteristic for a monosubstituted benzene derivative and

can be attributed to phenyl-groups attached to the Si surface.
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Figure 52. Comparison of the ATR-FTIR spectra of benzene (red) and Si milled in benzene (black)

The vibration at 755 cm™ is attributed to an ortho-disubstituted benzene derivative, which
leads to the conclusion that a further reaction occurs, where two directly adjacent Si radicals
(dangling bond) react with benzene during milling. The Si-C vibration is visible again at
1250 cm™ and shifts to 1265 cm™, if the Si surface oxidizes (Figure 53).
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Figure 53. Comparison of the ATR-FTIR spectra of Si milled in benzene and after 2 d at 120 °C (air)
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Further, the Si-H stretching vibration decrease and silanol as well as surface water vibrations
increase after storage of the sample in a compartment dryer for 2 days at 120 °C. In addition,
the Si-O-Si vibrations increase and the Si-H vibration of the oxidized surface is visible at
875 cm™. The presence of aliphatic C-H vibrations in the region 2970-2850 cm™, however, is
unclear. Their origin might be impurities of the milling solvent or grinding materials or due to

a radical induced reaction of benzene with present water traces.

4.4.3 Influence of the Milling Conditions on the Electrochemical
Performance

Si/C composites consisting of a mixture of SiNPs, graphite, binder and conductive additive
are used for the electrochemical measurements. The solvent of the milling suspension is
removed under reduced pressure and elevated temperature. The solid residue is grounded
with a mortar to obtain a fine powder consisting of SiNPs. After dissolving the binder and the
addition of the surfactant, the SINP powder is added and ultrasonic is applied to
deagglomerate and finely disperse the SiNPs. Then, conductive additive and graphite are
added and the electrode preparation procedure continues as described in chapter 4.3. The

general electrode composition is shown in Table 23.

Table 23. General electrode composition for Si/C composites

Composition
Components
[wi%]
Binder Sodium carboxymethyl cellulose (NaCMC) 8
1. Active material Milled Si 20
2. Active material Qingdao graphite 62
Conductive additive CNERGY™ Super C65 10

Deionized water as solvent and 1 drop of SOPROPHOR® FLK

The active materials of the composite have an overall theoretical specific capacity of
~ 1154 mAh g™* according to Eq. 14:

20 62
T 3579 mAh g~! + a7 372mAh g~! = 1154 mAh gt

Eq. 14
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Higher specific capacities are not useful, as they do not increase the overall cell capacity in
full cell applications due to the low specific capacities of currently available positive electrode
materials, as shown in Figure 54. Furthermore, a higher Si content would lead to more rapid
capacity decay due to the lower cycle stability compared to graphite.
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Figure 54. Total cell capacity as a function of the anode capacity. Capacities of the cathodes considered are
140 mAh g™ and 200 mAh g™ (249)

The influence of the average particle size and the milling solvent on the electrochemical

performance is now discussed on the following pages.

Comparisons of the lithiation and delithiation capacities obtained by the CCC measurements
from Si/C composites are shown in Figure 55 and Figure 56 and comprise the starting
material and the composites with Si milled in 1-methoxy-2-propanol to different average
particle sizes. If one compares the lithiation capacities of the first cycle, it is obvious that they
are higher for the milled Si approaches than the capacity of the starting material and even
higher than the theoretical capacity. This can be explained by the larger surface of the milled
Si, which leads to more SEI formation and reduction of Si oxides (see also Table 24). On the
other hand, smaller particles have shorter diffusion pathways and hence increased
lithiation/delithiation rates, which in turn increases the feasibility of complete
lithiation/delithiation within a certain time. The poor cycling behavior of the starting material
can be explained by the um sized Si particles, which crack and loose electrical contact easily

due to the large volume changes.
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Figure 55. Lithiation capacities of Si/C composites with the starting material and Si milled to different average
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Figure 56. Delithiation capacities of Si/C composites with the starting material and Si milled to different average

particle sizes in 1-M-2-p
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Table 24. First cycle coulomb efficiencies corresponding to Figure 55 and Figure 56

Si -325 mesh @ 165 nm @ 150 nm @ 130 nm @ 100 nm
[%] [%] [%] [%] [%0]
1. 71.94 80.62 74.69 72.55 61.32

Cycle

The cycling behavior gets significantly better at smaller particle sizes, however, associated
with it the capacity decreases due to the larger quantities of surface functionalization and
oxide present. Further, the coulomb efficiencies decrease too, which implies more Li
immobilization due to SEI formation and will be critical in full cells. The low coulomb
efficiency for the starting material cannot only be explained by SEI formation, as the surface
is very small, but also with the loss of electrical contact of active material parts in the very
first cycle. Particle size experiments of SiNP powders revealed that it is difficult to
deagglomerate them completely with ultrasonic and hence, agglomerates are present. The
same applies for the electrode preparation and can be seen in elemental distribution maps of

EDX measurements.

Figure 57. SEM micrograph (left), elemental distribution of C (middle) and Si (right) of a Si/C composite electrode
produced with @ 130 nm Si

The Si distribution in Figure 57 clearly shows the presence of some agglomerates among the
finely dispersed particles. These agglomerates behave likewise larger Si particles and are
responsible for the rapid capacity decay in the first 3-4 cycles. The agglomerates are a result
of the close packing density of milled SiNPs if the solvent is removed, which enhances
Si-O-Si bond formation between the particles, and can be larger than the starting material
particles. Therefore, the milled material needs to be processed as soon as possible. The
bond formation is caused by the condensation tendency of present silanol groups and those
produced by the hydrolysis of silyl ether groups. The Si-O-Si bonds then prevent
deagglomeration as they are stable enough to withstand the applied ultrasonic disintegration

during slurry preparation.
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Figure 58. SEM micrograph of a SiNP agglomerate at different magnifications and scheme of the silyl ether
hydrolysis as well as Si-O-Si bond formation

Figure 58 shows the residue after deagglomeration of a SiNP powder. The close packing
density of the SiNPs can be clearly seen and their proximity simplifies Si-O-Si bond formation
according to the scheme shown in the Figure. The problem of agglomerate formation
coupled with Si-O-Si inter-particle-bonding is even worse for Si samples milled in EtOH, as
shown in Figure 59 and Figure 60. The reason for this behavior is probably the easier
hydrolysis of the ethoxy groups compared to 1-methoxy-2-propoxy moieties, which results in
faster condensation reactions between the particles. The agglomerates cause not only rapid
capacity decay in the first cycles, but also reduce the initial capacity. The lower capacity is
attributed to core SiNPs of the agglomerates, which are not or only insufficient
electrochemically connected. Hence, these particles are electrochemical dead weight. The
CV demonstrates that capacity decrease is caused by Si, as the two broad peaks between
0.25-0.6 V decrease and the delithiation of the graphite remains unaffected (0.08-0.25 V).
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Figure 59. Delithiation capacities of Si/C composites with the starting material and Si milled to different average
particle sizes in EtOH

. Delithiation of graphite

- Delithiation of Si

Current/ mA g™

'__— Lithiation of Si and graphite

—— 1. Cycle
—— 2. Cycle
—— 3. Cycle

T T T T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50
Voltage / V

Figure 60. CV of a Si/C composite with Si milled in EtOH to an average patrticle size of 100 nm
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Figure 61. Delithiation capacities of Si/C composites with the starting material and Si milled in different solvents
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Figure 62. CV of a Si/C composite with Si milled for 3 h in 1-octene
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The first cycles in Figure 61 show that Si milled in 1-octene and n-heptane is
electrochemically active too. However, the performance is equal to the pm sized starting
material or even worse. This behavior can be attributed to the hydrophobic surface
functionalization which leads to a strong formation of agglomerates during slurry preparation
and it might also impede the lithiation/delithiation process. The slightly better cycling
performance of Si milled in n-heptane, might be a result of its lower reactivity accompanied
by less surface functionalization. Figure 62 shows that most of the capacity contributed by
the Si milled in 1-octene is lost after the first cycle. In comparison with the CCC
measurement it can be said that after 4-5 cycles only graphite contributes to the residual
capacity. It has also been tried to prepare Si/C composite electrodes with Si milled in
benzene. However, it is impossible as the sample is too hydrophobic and produces foam
during slurry preparation. Even the addition of more surfactant and a reduction of the stirring
rate cannot prevent foam formation. In order to avoid this, Si milled in benzene is heated up
to 900 °C under inert atmosphere to pyrolyze the surface functionalization and to obtain
C-coated SiNPs and avoid SiC formation. These patrticles should then be dispersable in the
aqueous electrode slurry. The result is that the sample turned into hard chunks through the
heat treatment, which could not be disintegrated anymore. Hence, a deagglomeration is

impossible after the pyrolysis and so the electrode preparation.

To conclude, it is necessary to produce more complex Si/C composites, where the milling
suspension can be used directly for synthesis to provide a better understanding of the
electrochemical performance of milled Si. This step is inevitable, as once the solvent is
removed SiNP agglomerates are formed which cannot be redispersed. These agglomerates
then impair the electrochemical performance of the residual dispersed SiNPs. The use of the
milling suspension offers the advantage that the solvent stabilizes the dispersion and

prevents massive agglomeration, as well as oxidation.

A recently developed core-shell Si/C composite allows the use of the milling suspension as
Si source during synthesis. The core-shell composite was developed by Scharfegger M.,
Kren H. and Koller S. at the VARTA Micro Innovation GmbH and uses commercial SiNPs
synthesized by SiH, pyrolysis (317). The following chapters deal with the applicability of
milled Si in this composite and its optimization in consideration of the Si particle size,

preparation, electrode composition and cycling conditions.
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4.5 Core-Shell Structured Si/C Composite

45.1 Introduction

The production of the core-shell structured Si/C composite is based on a batch coating
process of graphite particles with a slurry containing milling suspension, conductive additive,
epoxy resin and an amine based curing agent. The coating process is carried out in a
fluidized bed reactor (Mini Glatt, Glatt®) via bottom-spray-coating using a Wurster insert
(Wurster process). A scheme of this process and the used reactor are shown in Figure 63.

I
coating droplet particle

Figure 63. Scheme of the Wurster process (left) (318,319) and a photograph of the used reactor (right)

The graphite particles are fluidized in the reactor by a preheated compressed air stream
inflowing from the bottom of the reactor. A filter plate at the gas inlet and filter rods at the gas
outlet guarantee a constant process air flow without loss of particles. During operation the
graphite particles in the fluid bed pass the bottom spraying nozzle in an ordered flow pattern.
While quickly moving upwards within the Wurster compartment (tube) they can be wetted
with the slurry without agglomeration. While moving downwards outside the Wurster
compartment, the solvent evaporates, the epoxy resin cures and another layer of coating can
be supplied. The short residence time in the coating zone and the multiple coating cycles
ensure a very uniform coating of the particles (319).
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4.5.2 Synthesis

The general procedure for the synthesis of the core-shell structured Si/C composite is
described in detail in the following subchapters. The material usually consists of 20 wt%
cured epoxy resin and 80 wt% graphite, Si and conductive additive. If not otherwise stated,
the composition and raw material quantities shown in Table 25 are used for the synthesis.

Table 25. General composition and raw material quantities of the core-shell structured Si/C composite

Composition Quantities
Components
[wt%] [¢]
Epoxy resin Araldite® 506 16 9.6
Curing agent 3-(Dimethylamino)-1-propylamine 4 2.4
Si Milled Si 16 9.6
Conductive additive CNERGY™ Super C65 8 4.8
Graphite Qingdao 56 33.6

4.5.2.1 Slurry Preparation

Initially the Si concentration of the milling suspension has to be determined. Therefore, 3
weighted crystallizing dishes are filled with ~ 3 g of the milling suspension and the exact
weight of the suspension is noted. The solvent is removed and the averaged concentration is
calculated. The concentration is necessary to calculate the quantity of milling suspension
necessary for the subsequent process. Then the epoxy resin is dissolved in 100 ¢
1-methoxy-2-propanol via magnetic stirring. The milling suspension is treated with ultrasonic
for 5 min and cooled in the meanwhile to prevent overheating. After disintegrating, the
suspension is added to the dissolved epoxy resin and stirred further for 5 minutes. In the
meanwhile the required amounts of conductive additive are weight and added to the slurry.
The slurry stirs for about 2 h and then small amounts of 1-methoxy-2-propanol are added till
the ideal viscosity is reached (about 200 g solvent for 60 g composite material). The beaker
is covered with aluminum foil and the slurry stirs over night. The next day, the curing agent is

added to the slurry and stiring is continued for about 3 h until the coating process is started.
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4.5.2.2 Bottom-Spray-Coating of the Graphite

Before the curing agent is added to the slurry the fluidized bed reactor is assembled and the
graphite is added. After addition of curing agent to the slurry the reactor is started and the
graphite is fluidized for 3 h. This time is necessary for heating-up and to reach a stable
fluidized bed, further the time is needed to pre-cure the epoxy resin. After 3 h the slurry is
pumped in the reactor for the coating process and is stirred meanwhile until complete
addition. The process parameters are displayed in Table 26.

Table 26. Wurster process parameters for the synthesis of the core-shell structured Si/C composite

Process compressed air Spray compressed air Pump speed Setting temperature
[bar] [bar] [mL/min] [°C]
0.11 1.30 10 100

For process control the temperature is measured and recorded with an EXTECH SDL 200
4-Channel Datalogging Thermometer at the following positions: after the heating element,
outside the entrance of the gas stream into the coating zone, inside the reactor next to the

Wourster compartment and outside the filter housing of the filter rods.

Table 27. Typical temperatures measured at the different reactor parts

After heating Outside process air Wurster Outside filter
element entrance compartment housing
Temperature [°C] 95 60 50 40

The temperature drop along the reactor is caused by heat dissipation, as the reactor is not
thermally insulated. During the coating process the temperature inside the reactor drops
about 10 °C due to the evaporation of the solvent, but recovers quickly after complete
addition of the slurry as the curing is an exothermic reaction. After the completion of the
coating process the composite material is fluidized for 1 h to remove residual solvent and to
cure the epoxy resin further. Then the reactor is switched off and allowed to cool to room
temperature. The reactor is disassembled and the coated graphite particles can be

withdrawn.
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Figure 64. Conventional temperature curves of the process control

4.5.2.3 Pyrolysis of the Epoxy Matrix

After the Wurster process the weighted sample is put in an Al,O; boat and placed in the oven
(RHTC 80-230/15, NABERTHERM). The oven is then sealed and evacuated. If a pressure of
8 mbar is reached the oven is carefully vented with Ar 5.0 and the procedure is repeated
altogether 3 times. An Ar flow of ~ 0.25 L/h is adjusted and the pyrolysis started.

Table 28. Standard oven parameters of pyrolysis

Heating rate Target temperature Dwell time
10 °C/min 900 °C 2h

The pyrolysis of the core-shell structured Si/C composite material is necessary to obtain a
conductive matrix as the epoxy matrix is electrochemically insulating (320). After the
pyrolysis the sample is weight again to determine the weight loss caused by the pyrolysis of

the epoxy matrix and the resulting composite composition is calculated. The composition is
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used to calculate the theoretical specific capacity and the C-rate of the composite. The
weight loss is typically around 13 % and is associated to the decomposition of the epoxy
matrix. The resulting composite composition is shown in Table 29.

Table 29. Composition of the composite material after pyrolysis

Composition
Components
[wt%]
Cured epoxy resin residue 8
Si 18.4
Conductive additive 9.2
Graphite 64.4

The corresponding specific capacity for the composite material after pyrolysis is
~ 898 mAh g* (Eq. 15); or ~ 1085 mAh g™ (Eq. 16) if one considers only Si and graphite as

the active material.

0.184 - 3579 mAh g_1 + 0.644 - 372 mAh g_l = 898 mAh g_l
Eq. 15

18.4 3579 mAh g~ + 644 372 mAh g~ = 1085 mAh g1
82.8 mag T g8 mang - = mang

Eq. 16

4.5.2.4 Electrode Preparation and Composition of the Composite

The electrode preparation is conducted as described in Chapter 4.3. The electrode

composition differs from the composites used in Chapter 4.4.3 and is displayed in Table 30.

Table 30. Electrode composition for core-shell structured Si/C composite materials

Composition
Components
[wi%]
Binder Sodium carboxymethyl cellulose (NaCMC) 8
Active material Core-shell Si/C composite 80
Conductive additive CNERGY™ Super C65 12

Deionized water as solvent and 1 drop of SOPROPHOR® FLK
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4.5.3 Applicability of Milled Si in Core-Shell Structured Si/C Composites

The applicability of milled Si is examined with respect to the synthesis of the core-shell
structured Si/C composite and its electrochemistry.
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Figure 65. SEM micrograph of Qingdao graphite before (a) and after coating with a slurry containing milled Si (b);
FIB cut (c) and BIB slope cut (d) of a composite with commercial Si; scheme of the composite with milled Si (e)
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The resulting core-shell particles in Figure 65 indicate that the milling suspension can be
used as Si source for the Wurster process without any problems. The graphite particles are
well coated without or minimal agglomerate formation. The coating process even works
better for milled Si as the particles are already well dispersed in comparison to the Si powder
used from commercial sources, which sometimes lead to plugging of the spraying nozzle due
to powder aggregates. Furthermore, the cuts shown in the figure confirm the feasibility of a
uniform coating by the Wurster process.
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Figure 66. Particle size distribution measurements of Qingdao graphite before and after bottom-spray-coating

Table 31. Particle size distribution values of Qingdao graphite before and after bottom-spray-coating

@ Particle size D10 D50 D90 -
Material §D9CI)3 5(I)DlO)
[um] [um] [pm] [pm]
Qingdao 23 11 21 37 1.24
Composite 30 16 28 a7 1.11

The average particle size of the standard core-shell structured composite is typically in the
region between 28-32 um. The size increase caused by the coating fits perfectly with the
coating thickness determined from the cuts of a composite produced with commercial SiNPs,
shown in Figure 65. Another effect of the coating process is that the relative span of the
particle size distribution is slightly smaller after the coating. This effect is caused by the

aggregate formation of the smallest graphite particles during coating.
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Figure 67. Comparison of the cyclizations of a simple composite and the core-shell structured composite
produced with milled Si @ 130 nm (1-M-2-p)

Table 32. CE comparison of different cycles for the simple composite and the core-shell structure one

Cycle CE for simple composite CE for core-shell structured composite ACE
(%] (%] (%]

1 74.69 76.75 2.06
2 91.80 96.02 4.22
3. 93.00 97.55 4.55
4 96.60 98.27 1.67
5 97.12 98.58 1.46
25. 98.72 99.09 0.37
50. 99.29 99.46 0.17

Figure 67 shows the applicability and the superior electrochemical performance of the
core-shell structured composite compared to a simple physical mixture produced with the
same milled Si (@ 130 nm). For a better comparison the specific capacity is calculated
considering only Si and graphite as the active materials. The features of this composite are
the use of the milling suspension during preparation, which prevents SiNP agglomerate
formation, and the embedding of the Si in a carbonaceous matrix, which minimizes the loss

of electrical contact of the SiNPs. This behavior cannot only be seen in the stable capacity
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retention upon cycling but also in the coulomb efficiency (CE), which is significantly better for
the core-shell composite.
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Figure 68. Comparison of the cyclizations of a core-shell structured composite produced with milled Si @ 130 nm
(1-M-2-p) before and after pyrolysis

The comparison of the cyclizations for the composite before and after pyrolysis clearly shows
the insulating character of the epoxy matrix. However, not all Si particles in the
non-pyrolyzed material are electrochemically insulated, discernible by the delithiation
capacity of the first cycle. These particles are possibly located at the surface of the coating or
in pores which can soak up electrolyte and are electrically connected by the conductive
additive. The loss of electrochemical activity in the first cycles for these particles is
presumably caused by the volume expansions and contractions, which facilitate the loss of
connectivity to the conductive additive in the insulating epoxy matrix. The residual capacity
arises from the graphite core, which can be seen in the CV shown in Figure 69. Its activity is

caused by pores or cracks in the coating of the non-pyrolyzed composite.

Another advantage of this composite material is that it can be also produced with Si milled in
solvents other than alcohols as shown in Figure 70. The stronger capacity decay of the Si
milled in 1-octene is attributed to the larger particle sizes generally obtained by milling in this
solvent (see chapter 4.4.2.4).
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Figure 69. CV of a core-shell structured composite produced with milled Si @ 130 nm (1-M-2-p) before pyrolysis
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Figure 70. Comparison of the cyclizations of core-shell structured composites produced with milled Si @ 130 nm
(1-M-2-p) and Si milled in 1-octene for 12 h
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45.4 Influence of the Si Particle Size on the Electrochemical
Performance

The influence of the Si particle size on the electrochemical performance is discussed for the
prepared core-shell structured composite materials. It should be noted that the specific
capacity is now related to the composite material itself and not only to the Si and graphite
content. Hence, slightly lower specific capacities are displayed in the figures due to the
included weight of the conductive additive and the pyrolysis residues of the epoxy matrix.
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Figure 71. Delithiation capacities of core-shell structured composites produced with milled Si of different average
particle sizes

Figure 71 again clearly displays the correlation between the particle size and the starting
capacity. The smaller the particles are the more surface functionalization and WC-Co wear
are present, which reduce the net weight of electrochemically active Si and hence reduce the
specific capacity. Furthermore, smaller Si particle sizes lead to lower CE in the composite

material due to SEI formation, as shown in Table 33.

88



Experimental Part Doctoral Thesis Pierre Baumann

Table 33. CE comparison of different cycles for core-shell structured composites produced with milled Si of
different average particle sizes

CE Si @ 180 nm CE Si@ 130 nm CE Si @ 100 nm CE Si @90 nm
Cyele %] (%] (%] %]
1 80.46 76.75 74.82 71.47
2. 96.47 96.02 95.76 94.66
3. 97.72 97.55 97.41 96.80
4 98.28 98.27 98.17 97.71
5 98.44 98.58 98.52 98.21
25. 98.50 99.09 99.03 98.88
50. 99.25 99.46 99.23 99.23

Except of the lower starting capacity it is remarkable that reducing the particle size from
130 nm to 90 nm has no significant influence on the cycle stability. This can be especially
seen if one looks at the normalized capacities of these measurements shown in Figure 72.

The normalized capacities are calculated from the delithiation capacity of the first cycle.
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Figure 72. Normalized delithiation capacities of core-shell structured composites produced with milled Si of
different average particle sizes

Hence, there is a certain particle size at which the pores are large enough and/or the stability

of the carbonaceous matrix is strong enough to withstand the volume changes of the SiNPs
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upon cycling. The ideal particle size for milled Si must therefore be between 130 nm and
180 nm, since the latter exhibits appreciable capacity fade. Rather unlikely is that the fade is
caused by the cracking of SiNPs which occurs at sizes above ~ 150 nm, as the cracking
occurs mainly in the first cycles (216,235). If the cracking would have an obvious influence,
the capacity fade for this material would be much stronger in the first cycles compared to the
later ones. However, a partial participation of the particle cracking on the capacity fade
cannot be ruled out completely. Another exciting trend is visible if one compares the

differential capacity plots (DCPs) of the first cycle for these composites shown in Figure 73.
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Figure 73. DCP comparison of the first cycle for core-shell structured composites produced with milled Si of
different average size

The smaller the Si particles get the more unlikely is the formation of the c-LisSiy phase,
visible at ~ 450 mV vs. Li/Li* due to its delithiation. For the Si with an average particle size of
90 nm the formation cannot be observed. Impurities from WC wear might additionally
contribute to this behavior although it is considered to be electrochemically inert. Interesting
is also the observation, that this peak is always stronger in the second cycle, as shown in
Figure 74. This behavior is possible a kinetic phenomenon as the crystalline parts of the
milled Si are exposed to electrochemical solid-state amorphization in the first cycle and

hence lithiation of the amorphous phase proceeds faster in the second cycle.
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Figure 74. DCP comparison of the second cycle for core-shell structured composites produced with milled Si of
different average size

Furthermore, the signal would be even stronger if a C-rate of 0.1 would be used in the
second cycle instead of 0.2 C, as there is less time for the phase formation during lithiation.
The peak for the formation of the c-Li;sSis during lithiation is visible in the region between 0-
50 mV vs. Li/Li*. Due to the absence of this peak in the first cycle one can assume that the
formation occurs during the constant voltage step and is therefore not visible in the DCP.
Again this peak is not observable for Si with an average patrticle size of 90 nm, hence smaller
particle sizes seem to suppress the formation.

However, DCP comparisons of the first and second cycle for core-shell structured Si/C
composites produced with milled Si @ 180 nm and one produced with commercial Si
(Nanostructured & Amorphous Materials, Inc.) obtained by the pyrolysis of silane and particle
sizes of 30-50 nm revealed something different (see Figure 75 and Figure 76). The peak for
the delithiation of the c-Li;sSi; phase is clearly visible in the first cycle for the composite
produced with commercial Si, which contradicts the observations made with milled Si of
different size. It is remarkable that the peak is even much stronger in the second cycle for the
commercial Si than for the larger milled Si, and hence the reason for this behavior must not
be the particle size. If one thinks about the synthetic route for the commercial Si it is

noticeable that the high temperatures required are ideal to produce crystalline particles.
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Figure 75. DCP comparison of the first cycle for core-shell structured composites produced with milled
Si @ 180 nm and commercial SINPs 30-50 nm
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Figure 76. DCP comparison of the second cycle for core-shell structured composites produced with milled
Si @ 180 nm and commercial SiNPs 30-50 nm
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On the other hand, the milling of the Si reduces the crystallinity due to the formation
nanoscale crystallite sizes and amorphous crystallite boundaries caused by the high energy
ball impacts. It is therefore evident that the formation of the c-Li;sSis is linked to the
crystalline Si parts. This assumption is confirmed by XRD measurements, using the Scherrer
equation to calculate the average particle size with the approximation of spherical crystallites.

Table 34. Average crystallite sizes for milled Si and commercial SiNPs of different size

Si particle size @ Crystallite size
[nm] [nm]
@ 180 12
@ 130 10
@ 100 8
@ 90
30-50 29

The previous figures and Table 34 clearly reveal the correlation between c-Li;sSi, and the
crystallite size. However, it remains unclear if the suppression of the c-Li;sSis phase is just
caused by smaller crystallite sizes or if the amorphous areas in milled Si also contribute to it.
Furthermore, it remains unclear why generally the formation of this crystalline lithiated phase
is suppressed as the c¢-Si is converted to a-Si anyway due to the solid-state amorphization
upon first lithiation. The only possible explanation is that the mechanically induced

amorphous areas differ from electrochemically produced a-Si.

The influence of the c-Li;sSi, formation on the cycling behavior is difficult to determine as Si
particles of the same particle size and different crystallites size would be necessary to do so.
Furthermore, these particles should be produced with the same method to exclude
influences caused by method itself such as surface functionalization etc. However, the
influence of the phase transition is possibly low compared to particle size itself, as shown in
Figure 77. The composite produced with the commercial Si with particle sizes 30-50 nm has
a much better cycle stability compared to the Si with an average particle size of 180 nm,
although the phase transition is much stronger in the commercial Si (see Figure 76). In
general it is, however, beneficial to avoid the crystalline phase transformation not only to
reduce the mechanical stress but also to lower the voltage hysteresis (see Figure 29). This
makes milled Si, besides its ease of production, a particular desirable candidate for

commercial application.
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Figure 77. Comparison of the cyclizations of core-shell structured composites produced with milled Si @ 180 nm
and commercial Si 30-50 nm

4.5.5 Influence of the Curing Agent

In this chapter different curing agents are tested for the fabrication of the core-shell
structured composite and the results are compared with the standard curing agent
3-(dimethylamino)-1-propylamine. This is necessary as for industrial large scale production
large amounts of low-cost curing agents are required without detriment of the cycle stability.
The standard curing agent is monofunctional (one amine group), cures slowly and leads to
linear polymer chains. Hence, di- or trifunctional curing agents are tested, as they cure much
faster and lead to branched polymer chains with higher stability. The used curing agents are
shown in Figure 78. The curing speed is dependent on the nucleophilicity, type and the
number of the amine groups. Aliphatic amines cure faster than aromatic ones and primary
amines cure faster than secondary ones (steric hindrance). In addition, a higher number of
amine groups increases the curing rate due to the exothermic type of reaction which rises the
temperature and hence increases the reaction rate. The fastest curing agent is
diethylenetriamine and m-phenylenediamine is the slowest one. The high reaction rate of
diethylenetriamine can also be seen in the temperature curves of the process control shown
in Figure 79. The exothermic curing reaction leads to a rapid temperature rise and exceeds

the temperature before addition of the coating slurry in the Wurster compartment.
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Figure 78. List of the used curing agents and their relative curing rate
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Figure 79. Process control of a core-shell structured composite cured with diethylenetriamine

After approximate completion of the curing reaction a temperature drop can be observed.
This behavior is only visible if diethylenetriamine is used as curing agent, all other curing

agents exhibit a temperature curve like the one shown in Figure 64.
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As the curing reaction is a stoichiometric ring opening reaction the composition varies slightly
while using different curing agents. The amount of epoxy resin is kept constant and the
amount of curing agent needed is calculated according to an epoxide equivalent weight of
185 Da (321). The corresponding compositions are shown in Table 35.

Table 35. Composite composition in dependency of the used curing agent

) Weight ratio Share of the epoxy matrix in the composite
Curing agent ) )

Epoxy resin : curing agent [wt%]
3-(Dimethylamino)-1-propylamine 80:20 20
Diethylenetriamine 90:10 18.2
Ethylenediamine 925:75 17.8
m-Xylylenediamine 84.5:155 19.2
m-Phenylenediamine 87.2:12.8 18.6

The composition of the epoxy resin itself is not revealed by Huntsman Advanced Materials
Inc. However, GC-MS measurements demonstrated that it consists mainly of bisphenol A
diglycidyl ether (BADGE) and small quantities of butyl glycidyl ether (monoreactive diluent). A
more accurate determination of the quantities is not possible due to column carryover of the
BADGE caused by its boiling point/decomposition point above 400 °C (SciFinder®).

’>/\o OM

(¢) (6]
Bisphenol A diglycidyl ether (BADGE)

NN

Butyl glycidyl ether

Figure 80. Chemical structures of BADGE and butyl glycidyl ether

The core-shell structured composites for the characterization of the different curing agents
are produced with Si of an average particle size of 180 nm. With exception of the slightly

different composition, the synthesis proceeds as described in chapter 4.5.2.
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Figure 81. Particle size distribution measurements of core-shell structured composites produced with different
curing agents

Table 36. Particle size distribution values of core-shell structured composites produced with different curing

agents
Curing agent @ Particle size D10 D50 D90 (D90 - D10)

[um] [um] [um] [um] D50
3-(Dimethylamino)-1-propylamine 30 16 28 47 1.11
Diethylenetriamine 36 18 34 58 1.18
Ethylenediamine 35 18 33 56 1.15
m-Xylylenediamine 35 17 32 56 1.22
m-Phenylenediamine 34 16 32 56 1.25

SEM HV: 20.0 kV WD: 14.94 mm RN VEGA3 TESCAN

SEM MAG: 2.00 kx Det: SE il VARTA
MICrO INNOVATION

Figure 82. SEM micrograph of a core-shell structured composite with ethylenediamine as curing agent
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The table and the figures on the previous page show that the use of di- or trifunctional curing
agents leads to significantly larger composite particles. This behavior is attributed to the
faster curing and the formation of crosslinked epoxy polymers with these curing agents,
which leads to coalescence of some composite particles during synthesis. However, they
lead to a higher mechanical stability of the epoxy matrix too. The better mechanical stability,
for example, allows particle size measurements directly after synthesis, which is important for
process control. This is not self-evident as the dispersing unit of the particle sizer applies
strong ultrasonic for the measurements, and this leads to disintegration of the coating layer if
the standard curing agent is used for production, as shown in Figure 83.

100

90

— 3-(Di ino)-1-propylamine, after synthesis

= 3-(Dimethylamino)-1-propylamine, after pyrolysis

Q3(x) [%]

0,01 0,1 1 10 100 1000

Figure 83. Core-shell structured composite produced with the standard curing agent measured after synthesis
and after pyrolysis

The composite produced with the standard curing agent needs to be post cured for ~ 5 d at
room temperature or pyrolyzed for particle size measurements. During pyrolysis, the
standard composite cures further in the heating phase and the decomposition of the epoxy

matrix leads to a mechanical stable carbon network.

A difference in the weight loss of the composite during pyrolysis cannot be observed if
different curing agents are used (~ 13 %). However, the pyrolysis itself proceeds slightly
different as seen in Figure 84. The composites produced with aliphatic curing agents typically
have signals of low weight fragments in the region 200-300 °C. These signals are not visible
for diethylenetriamine if the temperature ramping is 20 °C/min, but are visible at 10 °C/min.
For aromatic curing agents these signals are not visible at all. Hence, they must be a result

of the decomposition of the curing agents itself.
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Figure 84. Py-GC/MS measurements of core-shell structured composites produced with different curing agents,
temperature ramping: 20 °C/min
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Figure 85. Py-GC/MS measurement of a core-shell structured composite produced with diethylenetriamine,
temperature ramping: 10 °C/min
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If one takes a look at the bond-dissociation energies shown in Table 37 it seems reasonable
that the polymer parts contributed by the curing agent decompose first as the C-N bond is
the weakest one in the epoxy.

Table 37. Bond-dissociation energies of various carbon-element bonds (322,323)

Bond-dissociation energy

Bond
[kJd/mol]
Aromatic C-C ~ 560
C-C 345
C-H 416
C-N 305
C-O0 358

The signals for the decomposition products of the aromatic curing agent parts are overlapped
by those of the epoxy resin due to their higher boiling points and are not visible as a
separated “peak”. Unfortunately, it is impossible to determine certain decomposition products

with this pyrolysis mode as the gas flow from the pyrolyzer is initiated directly in the mass

spectrometer.
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Figure 86. Typical MS fragments of the pyrolysis of a composite produced with the standard curing agent
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MS fragments help to distinguish whether the signal comes from the curing agent, the

glycidyl moiety or the bisphenol A backbone. TGA/DSC/MS measurements are conducted for
further examination.
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Figure 87. lon current profiles of characteristic curing agent fragments
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Figure 87 clearly reveals that the decomposition of the curing agents starts in the region
200-300 °C. However, the major part of its decomposition occurs between 400 °C and
600 °C. This is also the range where the decomposition of the epoxy resin parts takes place.
If one takes a closer look at Figure 88 one can see that the decomposition of the former
glycidyl moiety (43 m/z) starts in the same range as the curing agent, which is a subsequent
reaction caused by the first C-N bond cleavages.

102 0.20
100
] 40.15
98 |
1 H 4 0.10
96 H -
3 (@]
| i 0.05 S
944 i , =
; ! e
@ 924 4000 =
= ] g
90 5
4 - (]
] 0.05 &
88 |
| 4 -0.10
86 |
84 —— 1 T T T *~ T T~ T T+ T * T * 1 -0.15

100 200 300 400 500 600 700 800 900 1000
Temperature / °C

Figure 89. TGA and DSC measurements of the decomposition of composite produced with standard curing agent

Figure 84 and Figure 89 show that the decomposition is almost completed around 600 °C for
all curing agents. However, the DSC profile reveals that another reaction or phase transition
occurs in the region between 700 °C and 800 °C. This explains why Scharfegger observed
poor electrochemical performance of composites pyrolyzed at 700 °C (324), as the

transformation is not completed.

From the electrochemical point of view only the composite produced with diethylenetriamine
differs from the other curing agents, as shown in Figure 90. The worse performance is
unexpected and must be caused by structural differences due to the strong crosslinking of
this curing agent and/or an elsewise proceeding pyrolysis, which leads to differences in the

carbonaceous matrix.
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Figure 90. Delithiation capacities of core-shell structured composites produced with different curing agents

However, the fact that the difunctional curing agents do not differ electrochemically from the
standard curing agent, make them good candidates for its replacement. This is attributed to
their faster curing and higher structural stability in the non-pyrolyzed state.

4.5.6 Influence of a 2-step Pyrolysis

According to the previous chapter a 2-step pyrolysis is conceived and compared to the
standard pyrolysis (Table 28). The conditions for the 2-step pyrolysis are shown in Table 38.

Table 38. Oven parameters of the 2-step pyrolysis

Heating rate Target temperature Dwell time
Step 1 10 °C/min 280 °C 1 h 30 min
Step 2 10 °C/min 800 °C 2h

The target temperature of 280 °C is chosen as the decomposition of the curing agent parts

and the former glycidyl moieties is in an advanced stage at this temperature. The dwell time
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of 1 h 30 min is chosen, as it is the heating-up time of the standard pyrolysis and to provide
enough time to get rid of the low weight decomposition products. After the first step the
sample is not allowed to cool down but is heated-up to the second target temperature. The
temperature of 800 °C is chosen as the transformation observed in the DSC measurements
should be completed. The dwell time of 2 h is chosen in order to have the same time at high
temperatures as the standard pyrolysis.

The weight loss gained slightly due to the 2-step pyrolysis and is typically around 14 %. A
different behavior can not only be observed for the weight loss but also the electrochemical
performance differs, as shown in Figure 91.
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Figure 91. Comparison of the cyclizations of a standard core-shell structured composite pyrolyzed with standard
parameters and a 2-step pyrolysis

The better electrochemical performance of the 2-step pyrolysis material is possibly caused
by a better electrochemical conductivity and/or mechanical stability of the carbonaceous
matrix. In addition, the lower CE in the first cycle indicates that this material has a higher
porosity (larger surface) than the material obtained via standard pyrolysis. The higher
porosity possibly leads to better soaking with the electrolyte and might offer more space for
the volume expansion of the SiNPs during cycling. Hence, a 2-step pyrolysis is preferable
compared to the standard pyrolysis.
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4.5.7 Increase of the Epoxy Content

An increase of the epoxy content is contemplated, as the previous chapters revealed that the
epoxy matrix and its pyrolysis have significant influence on the cycling performance.
Furthermore, preliminary investigations with Si/C composites cured in a crystallizing dish
showed improvement of the cycling performance correlating with an increase of the epoxy
content (up to 40 %). For the synthesis the epoxy content is raised while the other
component quantities are maintained (Figure 25). The synthesis proceeds according to the

standard procedure.

Figure 92. Wurster compartment after synthesis of composites with an epoxy content of 40 % (a), 30 % (b) and
20 % (c)

Figure 92 reveals the problems associated with an increase of the epoxy content. The epoxy
resin cannot cure fast enough to warrant homogenous coating. Instead sticky lumps are
formed in the case of 30 % and 40 % epoxy content, which are discarded as they are
useless for electrode fabrication. Even an increase of the reactor temperature to 60 °C and

use of diethylenetriamine leads to these lumps.

In order to obtain a powder after synthesis, the threshold value of the epoxy content turns out
to be 25 %. However, this slight increase has a major impact on the particle size distribution,
as shown in Figure 93. The material then consists almost exclusively of agglomerates and
those are simply too big to be used for electrode fabrication. Thus, 20 % epoxy represents
the ideal composition for the formation of uniformly composite particles with high epoxy

content, as the number of agglomerates is negligible (see Figure 66).
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Figure 93. SEM micrographs of a core-shell structured composite with an epoxy content of 25 % at 500x (top left)
2,000x (top right) magnification and its particle size distribution (bottom)

Table 39. Particle size distribution values of the composite with 25 % epoxy content

@ Particle size D10 D50 D90 (D90 - D10)
[um] [um] [um] [Hm] D50
90 47 87 138 1.05

Although it is nearly impossible to increase the epoxy content with this type of reactor and
the standard quantities of Si, conductive additive and graphite, it can be performed by
increasing the conductive additive content in the same manner as the epoxy. The conductive
additive acts as filling material and reduces the “stickiness” of the epoxy resin during curing.
Furthermore, diethylenetriamine is used as curing agent to guarantee fast curing. The used

compositions are shown in Table 40.
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Table 40. Used compositions for composites with increased epoxy and conductive additive content

Epoxy content Epoxy resin Curing agent Si Graphite Conductive additive
(%] d] d] d] (¢]] [d]
223 12.8 1.43 9.6 33.6 6.4
26.2 16.46 1.84 9.6 33.6 8.23
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Figure 94. SEM micrographs of core-shell structured composites with epoxy contents (Diethylenetriamine) of
22.3 % (top left), 26.2 % (top right) and a comparison of their particle size distributions (bottom)

Table 41. Particle size distribution values of composites with 22.3 % and 26.2 % epoxy content

Epoxy content @ Particle size D10 D50 D90 (D90 - D10)
[%] [um] [um] [um] [um] D=0
22.3 45 23 42 72 1.17
26.2 59 30 56 93 1.13
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By a correlating increase of the conductive additive with the epoxy content it is possible to
reduce agglomerate formation during synthesis, as shown in Figure 94 and Table 41.
However, the tendency of a stronger agglomerate formation with increasing epoxy content is
still visible. Therefore, more conductivity additive would be necessary to reduce this
behavior. Unfortunately, more conductivity additive is coupled with the disadvantages of
lower capacity and CEs.
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Figure 95. Delithiation capacities of core-shell structured composites with increased epoxy and conductive
additive content

Table 42. CE comparison of composites with increased epoxy and conductive additive content

CE for 18.2 % epoxy

CE for 22.3 % epoxy

CE for 26.2 % epoxy

Cycle
(%] (%] (6]
81.93 77.57 74.12
96.82 94.81 92.84
97.99 97.05 95.80

Figure 95 shows the benefit of the higher epoxy and conductivity additive content in regard to

the cycle stability. However, it is impossible to distinguish whether the improvement comes

from the increase of the epoxy content, of the conductivity additive or if it is an effect of both.
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In addition, it should be considered that the overall active material content decreases due to
larger amounts of epoxy matrix and conductive additive, which decreases the capacity.
Furthermore, the higher content also leads to a drastic decrease of the CEs, which causes
detrimental capacity fade in full cells. Hence, an increase of the epoxy matrix does not
contribute to the improvement of the active material particles.

4.5.8 Influence of the Binder on the Electrochemical Performance

Supplemental to the improvements of the composite material it is also necessary to clarify if
the electrode composition can be improved too. Here the binder especially plays an
extraordinary role as it ensures the integrity of the electrode. Changing the binder is therefore
a simple and cost-effective method to improve cycle stability. Hence, different binders are
investigated according to their electrochemical performance using core-shell structured
composites. The binders used for this purpose are shown in Figure 96.
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Figure 96. Binders investigated for core-shell structured composite material

As already mentioned, NaCMC is chosen as the standard binder according to its superior
cycling performance of Si based electrodes. This behavior is attributed to hydrogen bonding
and covalent bond formation between the polar carboxylic group of the binder and silanol
groups present on the Si surface (281). However, in the composite material only a small

amount of the Si is present at the surface and is possibly C-coated due to the pyrolyzed
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epoxy matrix. Thus, the composite might act different than pristine SiNPs. It should be noted

that NMP is used as solvent instead of deionized water for Kynar 761 and Solef 5130.
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Figure 97. Delithiation capacities of core-shell composite electrodes produced with different binders

The comparison of the delithiation capacities shown in Figure 97 reveals an interesting trend.
The more carboxy groups are present in the binder, the better the cycle stability is. This
indicates that there are many polar groups present at the surface of the composite material.
Hence, there are pristine SiNPs present at the composite surface or the pyrolyzed epoxy
exhibits a considerable amount of oxidized moieties such as carboxy, hydroxy or carbonyl
groups. The poor cycling behavior of PDVF (Kynar 761) is attributed to the low strength of
the Van der Waals interactions compared to hydrogen bonding or covalent bonds. This can
be especially seen in the remarkable cycling improvement if there are some carboxy groups
present in the PDVF (Solef 5130) (325). The almost equal cycling performance of PAA and
NaCMC (DS 1.2) reveals that the cycling performance is limited to the active material itself if
a certain amount of carboxy groups are present. However, these binders will show
differences concerning long term cyclizations, higher C-rates or higher mass loadings as
then factors like tensile strength and elasticity will become more important. All in all, it can be

said that NaCMC is a perfect choice not only for electrodes containing Si but also for the
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fabrication of electrodes with this core-shell structured composite and PAA is an equal

replacement.

Improvements of the cycle stability for these binders can probably be achieved by varying the
pH value. This is because the carboxyl groups are electrostatically associated/dissociated
depending on the neutralization degree and thus the polymer configuration can be modulated
by the pH (326). The polymer configuration itself influences the distribution of the active

materials and the conductive additive, as well as the adhesion strength (327).

4.5.9 Influence of the Cut-Off Voltages on the Electrochemical
Performance

In addition to using different binders it is further investigated if the cut-off voltage of the
lithiation or delithiation has a significant influence on the cycling performance. Regarding the
lithiation it is examined whether the suppression of the c-Li;sSis coupled with a limited
lithiathion has a beneficial influence or not. In this context a cut-off voltage of 100 mV vs.
Li/Li* is chosen, as the solid-state amorphization already takes place and the lithiation is

limited approximately to 2/3 of the overall Si capacity (see Figure 98).
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The previous figures reveal that using a higher cut-off voltage for the lithiation has no
beneficial influence on the cycling performance. Instead the overall specific capacity is
decreased enormously. The increase of the capacity during the first cycles, if a cut-off
voltage of 100 mV vs. Li/Li* is used for all cycles, is very interesting. This behavior can be
attributed to a gradually amorphization of the Si, which is then lithiated at higher potentials,
and can be seen by the increase of the lithiation/delithiation signals for a-Si in Figure 101.
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Figure 101. DCP comparison of different cycles using a lithiation cut-off voltage of 100 mV for all cycles

If the film forming cycles (cycle 1.-3.) have the standard lithiation cut-off voltage of 5 mV vs.
Li/Li*, the Si is already completely amorphous before applying 100 mV in the further cycles.
This can be seen by the higher capacity in the 4. cycle and the gradually decreasing capacity
upon cycling. However, the cycle stability does not improve and even deteriorates in regard
to the normalized capacity. A possible explanation is the observed dynamic growth and
dissolution of the SEI upon cycling (328,329). In the film forming cycles large amounts of
passivating SEI are formed and they partially dissolve during delithiation. Due to the switch of
the cut-off voltage to 100 mV vs. Li/Li* the balance between growth and dissolution seems to
be disturbed, as usually a deep lithiation (< 20 mV) is necessary for a beneficial SEI

formation (330,331). Hence, it seems that for the core-shell structured composite the SEI
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plays the major role for the cycle stability compared to the mechanical stress induced to the

volume changes and the c-Li;sSi; formation.

As a change of the lithiation cut-off voltage does not improve the cycling performance, it is
investigated if a decrease of the delithiation cut-off voltage can do so. The benefit of this
approach is a complete lithiation and consequently solid-state amorphization during the first
cycle. Furthermore, the deep lithiation in the first and further cycles guarantees a beneficial
SEI formation. By limiting the delithation cut-off voltage some Li remains (see Figure 102) in
the SINPs and increases their intrinsic electrical conductivity. Due to the limitation of the
delithiation the overall cyclable capacity of the Si is reduced, as well as volume changes.
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Figure 102. Voltage profiles of the first cycle of a standard core-shell structured composite cycled with different
delithiation cut-off voltages

The cyclizations are performed with the standard delithiation cut-off voltage of 1.5 V, as well
as 0.9 V and 0.7 V, and are compared with each other as shown in the following figures. If
one takes a look at the delithiation capacities and the normalized capacities one can see an
improvement of the cycle stability by using a cut-off voltage below 1.5 V. However, the
capacity decreases too and hence a cut-off voltage of 0.9 V displays a good compromise

between better cycle stability and only small loss of reversible capacity.
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As the improvements of the cycle stability are generally low by limiting the cut-off voltages
and thus the volume changes, one can say that the core-shell structured composite material
is structurally very stable and the Si is well-embedded and electrochemically connected.
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5 Conclusion

Within this doctoral thesis, the successful application of high energy planetary ball milling for
the synthesis of nanosized Si as source for LIBs was demonstrated. In this context, the
influence of various milling parameters on the particle size distribution was intensively
studied in order to obtain a better understanding of the milling process for economical large
scale production. Furthermore, the utilization of different milling solvents was studied and
showed that the milling produces a highly reactive surface which leads to the
functionalization of the Si. The radicals and dangling bonds on the surface are so reactive
that they even react with C-H bonds of aliphatic or aromatic hydrocarbons. In addition, it
could be shown that the milling process itself is strongly affected by the type of solvent used
too. Alcohols typically accelerate the milling process and hence smaller particle sizes can be
obtained economically. In contrast to alcohols, the use of alkanes, alkenes and benzene
requires much longer milling durations, which is attributed to their lack of oxygen atoms, as

an oxidized surface facilitates the particle cracking.

However, milled Si has the drawback that its particle size distribution leads to close packing
densities of the particles if the solvent is removed. In combination with present silanol
functionalities it facilitates the formation of aggregates whereat the particles are connected
via Si-O-Si bonds and hence complete deagglomeration is impossible by applying ultrasonic.
The negative effects of the agglomeration of these SiNPs on the electrochemical
performance were studied and lead to the conclusion that the aggregates behave

electrochemically like um sized Si particles.

To cope with this problem, a method was developed at which the milling suspension itself
can be used for the fabrication of a core-shell structured composite in a fluidized bed reactor
and hence the formation of agglomerates can be suppressed. The SiNPs are embedded in a
pyrolyzed epoxy matrix containing conductive additive, covering a graphite particle. As the
matrix offers good electrochemical connectivity, mechanical stability and voids for volume
expansion, it is an ideal method to make milled Si accessible for battery application.
Investigations of these materials revealed the beneficial effect of planetary ball milling on the
electrochemical performance, as milled Si with an average particle size of 130 nm shows an
excellent cycling performance and further reduction of the particle size could not improve the
cycling performance for the composite. This behavior is attributed to the special structure of
milled Si at which a primary particle consists of small crystallites with amorphous crystallite
boundaries. Furthermore it could be shown that the formation of c-Li;sSi; during complete

lithiation is strongly dependend on the crystallite size and is keenly suppressed in milled Si
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as a result of the small crystallite sizes obtained through the high energy ball impacts during
milling. The suppression of this phase should be preferred as the delithiation of amorphous
lithiated Si results in less mechanical stress, but more important is that the lower voltage
hysteresis leads to higher energy efficiency. Very interestingly it was found that the
amorphous and crystalline parts behave electrochemically different in milled Si, as due to the
solid state amorphization all crystalline parts get amorphous during first lithiation and hence
the particle is completely amorphous. If the electrochemically and mechanically induced
amorphous parts act equally than the formation of the c-Li;sSis would be more distinct for
milled Si compared to the commercial pyrolysis-route Si with particle sizes of 30-50 nm. In
this case, the c-Li;sSis formation would be dependent on the primary Si particle size instead

on the crystallite size.

Optimizations of the core-shell structured composite material showed that a large variety of
curing agents can be used, which are usually cheaper and produce more stable shell due to
the crosslinking of the epoxy. Too much crosslinking, however, is disadvantageous for the

electrochemical performance as shown in the case of diethylenetriamine.

Furthermore, different pyrolysis conditions were investigated. The measurements revealed
that a two-step pyrolysis showed better cycle stability compared to a single-step pyrolysis.
This effect is attributed to the removal of decompaositions products with low boiling point and
high O- and N-content.

An increase of the epoxy content showed better cycle stability, but at the expense of lower
CEs. This behavior is caused by the higher amount of conductive additive “filling material”
needed to reduce the stickiness. The lower CE would then lead to rapid capacity fade in full
cells and hence an increase of the epoxy should be avoided. Probably, the use of a different
type of fluidized bed reactor enables an increase of the epoxy content without the addition of

filling material.

Different binders were used for the fabrication of electrodes comprising the standard
core-shell structured composite material. It could be shown that the electrochemical
performance strongly depends on the amount of carboxy groups present in the binder.
Hence, NaCMC and PAA showed the best performance as they have the largest number of
the functionality. However, further studies are needed be carried out to investigate the
long-term cycling performance and the dependency of the pH on the polymer configuration

and thus in turn the electrode stability.

Furthermore, it is shown that the cycle stability can be improved if the cut-off voltage of the

delithiation step is lower than 1.5 V.
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6 Register

6.1 List of Chemicals

e Silicon powder, -325 mesh, 99 % trace metals basis, SIGMA-ALDRICH®, Stock # 215619

e Silicon Nanopowder, 50 g, 30-50 nm APS, 98 % purity, Nanostructured & Amorphous
Materials Inc., Stock # 0141JS

o 1-Methoxy-2-propanol, = 99 %, CARL ROTH®, Stock # 3123.2

e Ethanol, 2 99.8 %, CARL ROTH®, Stock # K928.4

e 1-Octene, = 97 %, Merck Schuchardt, Stock # 8.20928.1000

e n-Heptane, 99 %, SIGMA-ALDRICH®, Stock # 246654

e Benzene, = 99 %, SIGMA-ALDRICH®, Stock # 319953

¢ Qingdao, Qingdao Haida Graphite Co. Ltd.

e CNERGY™ Super C65, TIMCAL, Stock # 613 2707

e SOPROPHOR® FLK (Potassium polyarylphenyl ether phosphate), Rhodia,
Stock # E90005300

e Sodium carboxymethyl cellulose, average M, ~250,000; degree of substitution 1.2,
SIGMA-ALDRICH®, Stock # 419281

e Electrolyte: 1.0 M LiPFg in EC/DEC (3:7), NOVOLYTE Technologies, Stock # 70001084

e Vinylene carbonate, 99 %, SIGMA-ALDRICH®, Stock # 757144

e Araldit® 506 epoxy resin, SIGMA-ALDRICH®, Stock # A3183

e 3-(Dimethylamino)-1-propylamine, 99 %, SIGMA-ALDRICH®, Stock # D145009

e Diethylenetriamine, 99 %, SIGMA-ALDRICH®, Stock # D93856

e Ethylenediamine, = 99 %, SIGMA-ALDRICH®, Stock # E26266

e m-Xylylenediamine, 99 %, SIGMA-ALDRICH®, Stock # X1202

e m-Phenylenediamine, = 99 %, SIGMA-ALDRICH®, Stock # P23954

e Poly(acrylic acid), average M,, ~450,000; SIGMA-ALDRICH®, Stock # 181285

e Alginic acid sodium salt, medium viscosity, SIGMA-ALDRICH®, Stock # A2033

e KYNAR® 761 PVDF, ARKEMA

e Solef 5130/1001, Solvay Speciality Polymers France
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