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Abstract

Within the frame of the energy transition, the storage and transport of renewable energies are
crucial issues. Among the nowadays available techniques, especially lithium-ion batteries are
desired for wider applications, such as in electric vehicles or as storage units for the electrical
grid. However, present lithium-ion batteries with carbonaceous anode materials exhibit certain
inadequacies for the requested applications, first of all an insufficient capacity. Because of
the high lithium uptake, silicon is one of the most promising anode materials regarding the
capacity. Since the reliable application of silicon in lithium-ion battery anodes turned out to be
subjected to several challenges, the vital point of the investigations carried out in this work was
to correlate the battery capacity fading to the silicon properties and to develop a conceptual
approach for the enhancement of the performance of this type of batteries. Therefore, the
influence of the anode material properties, the protocol parameters and the solid electrolyte

interphase formation on the battery performance were evaluated.

For the synthesis of nanostructured silicon and carbon-based anode materials an in-house de-
signed low pressure chemical vapour deposition reactor with a rotating module was employed.
Silicon deposition was achieved by silane decomposition and amorphous carbon deposition by
pyrolysis of propene, both on graphite substrates. The methods’ precise adjustability enabled
reproducible modifications of the deposit content and crystallinity. In this way, it was shown
how the initial capacity of the materials scales with the silicon content of the anode and that
the battery capacity decay and charge losses are weakened for amorphous silicon depositions.
Additional propene treatments featured further improvements of the battery performance. The
investigations indicate that the deposited carbon did not serve as a silicon surface protection
layer, but the battery performance was rather improved by other beneficial properties of the
carbon. Further, adaption of the cycling protocol revealed the relevance of the anode lithia-
tion constant voltage sequence in cycling protocols for continuous and maximised capacities.
Moreover, the battery capacity retention was significantly increased by restricted anode lithia-
tion, however, at the expense of the battery capacity. Yet, the most prominent changes in the
battery performance, especially regarding the capacity decay over cycling, were achieved in a
modified setup, where electrolyte and cycling protocol were adapted. Here, the morphology and
elemental ratio of the solid electrolyte interphase, which was formed on silicon-based anodes

during cycling, was fundamentally changed.

Altogether it was demonstrated that the optimisation of silicon-based lithium-ion batteries in-
volves dealing with a complex interplay of the anode material, the cycling protocol and the
electrolyte. Although the predominant improvement in the capacity retention was achieved
by modification of the electrolyte and protocol, and therefore the formed solid electrolyte in-
terphase, it became evident that worthwhile battery performance improvement can only be

achieved by iterative variation and balancing of all three factors.






Kurzfassung

Im Rahmen des Energiewandels sind der Transport und die Speicherung erneuerbarer Energien
entscheidende Kernpunkte. Im Zuge dessen wird insbesondere eine umfangreichere Anwen-
dung von Lithium-Ionen-Batterien angestrebt, beispielsweise in elektrischen Fahrzeugen, oder
als Speicher zur Einspeisung in das Stromnetz. Fiir viele solcher Anwendungen sind moderne
Lithium-Ionen-Batterien mit Kohlenstoff-basierten Anoden jedoch unzuldnglich, allem voran
wegen ihrer zu geringen Kapazitdt. Hinsichtlich der Kapazitéat ist Silizium eines der vielver-
sprechendsten Anodenmaterialien. Da der zuverléssige Finsatz von Silizium als Anodenmate-
rial noch vor Herausforderungen steht, war das zentrale Thema dieser Arbeit die Korrelation
des Kapazitdtsschwunds mit den Siliziumeigenschaften und die Ermittlung eines konzeptuellen
Ansatzes zur Verbesserung der Funktionalitdt solcher Batterien. Dafiir wurden der Einfluss
der Materialeigenschaften der Anode, der Protokoll-Parameter und der "Solid Electrolyte In-
terphase" (SEI) Bildung auf die Leistungsfiahigkeit der Batterie untersucht.

Zur Herstellung nanostrukturierter Silizium- und Kohlenstoff-basierter Anoden wurde ein haus-
intern entworfener Reaktor zur chemischen Niederdruck-Gasphasenabscheidung verwendet. Si-
lizium wurde mittels Silan Zersetzung und amorpher Kohlenstoff durch Pyrolyse von Propen
auf Graphit-Substraten abgeschieden. Die prézise Regulierbarkeit dieser Synthesemethode er-
moglichte reproduzierbare Modifikationen der Menge und der Kristallinitdt der Abscheidung.
Somit konnte gezeigt werden, dass die Anfangskapazitdt des Materials mit dem Siliziumge-
halt skaliert und, dass sowohl die Abnahme der Batterie-Kapazitit, als auch der Verlust von
Ladungstriagern durch die Verwendung amorphen Siliziums abgeschwécht werden kann. Auch
die zusétzliche Behandlung mit Propen fiihrte zu Verbesserungen der Batterie-Funktion. Un-
tersuchungen des zyklisierten Materials indizierten, dass der abgeschiedene Kohlenstoff nicht
dauerhaft das Silizium ummantelt und demnach andere vorteilhafte Eigenschaften des Kohlen-
stoffs der Grund fiir die Verbesserungen sind. Durch Variation des Zyklisierungs-Protokolls kon-
nte gezeigt werden, dass eine Konstantspannung-Sequenz nach der Lithiierung der Anode Vo-
raussetzung fiir eine kontinuierliche und maximierte Kapazitét ist und, dass der Kapazitatsver-
lust durch limitierte Lithiierung der Anode deutlich reduziert werden kann, jedoch auf Kosten
der Gesamtkapazitdt der Batterie. Die bedeutendsten Verdnderungen der Leistungsfihigkeit
der Batterien, insbesondere beziiglich des Kapazitétsverlustes wahrend des Zyklisierens, wur-
den in einer Versuchsreihe erreicht, bei der Elektrolyt und Zyklisierungs-Protokoll modifiziert
wurden. Hier wies die auf den Anoden gebildete SEI sowohl eine andere Morphologie als auch

ein anderes Elementverhiltnis auf.

Insbesondere wurde gezeigt, dass die Optimierung von Silizium-basierten Lithium-Ionen-Batte-
rien mit einem komplexen Zusammenspiel aus Anodenmaterial, Zyklisierungs-Protokoll und
Elektrolyt verbunden ist. Wenngleich die deutlichste Abschwéchung des Kapazitétsverlustes
durch die Modifizierung von Elektrolyt und Zyklisierungs-Protokoll und der damit gebildeten
SEI erreicht wurde, stellte sich heraus, dass eine lohnenswerte Verbesserung der Batterieleistung

nur durch iterative Variation und Abstimmung aller drei Faktoren erreicht werden kann.
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1 Introduction

1.1 The role of batteries in the energy transition

The simple term "energy transition" involves plenty of cruxes like the continuous supply of
energy for electricity, heat and vehicles generated from environmentally friendly systems, or
the production of plastics and fertilisers from renewable energy sources. The innovative ap-
proaches to accomplish these ambitious targets are complex, as combining energy transition
with climate protection means not only phasing out of the well-established energy generation
systems and the expansion of new energy systems, but also a concurrent drastic reduction in
energy consumption and COgy emissions. On top of this sophisticated scientific task the pro-
motion of a specific innovative technology is significantly aggravated by the fact that energy
systems are interconnected in complex manner with multiple non-scientific aspects regarding
their utilisation, generation and distribution within society.[!) Thus, state-of-the-art renewable
energy systems, for example, cannot equal the local and time-dependent energy demand without

further progress in the storage and transport of energy.

Our repertoire of energy storage systems is already multifaceted, including mechanical, thermal,
electrical, thermochemical, chemical and of course electrochemical storage.[2 4l These storage
technologies possess different attributes regarding the amount of energy or power that can be
stored, the time scale of storage and release, the efficiency, the cost, the spacing and the en-
vironmental conditions.[?! Although battery technology is surpassed in terms of specific power
and energy by other techniques, as shown in the Ragone plot (fig. 1.1 a), it is the dominant
technology when local flexibility and continuous energy supply is paramount. With commercial-
isation of the rechargeable lead-acid battery for more than 100 years, the battery belongs to the
more mature technologies. From the 1950s to 2010, the energy density of commercial secondary
batteries increased by about 3 Wh - kg~! on average per year as depicted in figure 1.1 b).[G]
This trend was significantly increased by lithium-ion batteries (LIBs), which raised the annual
growth rate from 1990 — 2010 to about 5.5 Wh-kg~!. Among batteries, lead-acid and sodium-
sulfur batteries are the most common for large-scale installations, e.g. as back-up power supply
for stationary devices, while LIBs are established for personal electronics. [7.8] Nevertheless, the
wider application of LIBs, such as in electric vehicles or as storage for the electrical grid, is
continuously targeted. The appeal of lithium as battery material is evident, since it is the most
reducing element and the lightest metal, hence promising high operation voltage and low bat-

tery weight.[7l Indeed, LIBs are nowadays the batteries with the highest power density on the
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commercial market and have a low discharge rate, an energy efficiency from 90 — 100 %, a long
cycle life, a low maintenance requirement, a high nominal voltage (around 3.7 V) and energy
densities from 80 to 150 Wh - kg~—! as well as power densities from 50 to 200 W - kg—1.[2:3:5]
The often criticised currently high costs can be foreseen to decrease with cumulative installed
nominal capacity. 91 Thus, from the described theoretical LIB properties the aimed application
would be within the desired goals, however, there are more aspects to the working ability of a

battery.
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Figure 1.1: a) Ragone plot showing power density vs. energy density of different storage technologies adapted
from ref. [°; b) History of the development of secondary batteries in view of energy density (dashed
line represents progress 1930 — 2010 and solid line represents development of LIBs 1990 — 2010,
adapted from ref. 1),

The introduction of new batteries is significantly impeded by the fastidious high demands on
the battery cycling stability. A LIB is driven by an electrochemical redox reaction, which entails
shuttling of lithium-ions (Li-ions) as illustrated in figure 1.2.['" In the charged state the Li-ions
are stored in the anode (negative electrode) and upon discharging they migrate from the anode
material, which is at the same time oxidised, to the cathode.['%!3] In an ideal case this ion
shuttling would happen with 100 % reversibility and without side reactions. However, this is
usually not the case. Considering that common preparative chemistry is typically assumed to
be sufficient with a product yield of 90 %, yet, even with 99 % efficiency only 37 % of the initial
battery capacity would be maintained after 100 cycles.['2] This elucidates how high the demands
on batteries are. The real battery performance is not only dependent on the main redox-couple,
but it is also determined by an interplay of various aspects and side reactions whose fundamental
science in operating batteries so far is still subject of investigation.**l The electrode surface, the
material density, the electrolyte, the applied cycling protocol and also the battery casing itself
cause innumerable side reactions such as overcharge, self-discharge, passivation, phase changes,
active material dissolution, electrolyte reduction/oxidation and interfacial film formation. [15,16]

These side reactions have several effects that need to be avoided, for instance consumption
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of active species, by-product deposition and self—heating.[l?’] The latter might cause thermal

runaways in case of low thermal stability of the battery components or internal short circuits.
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Figure 1.2: Schematic of a LIB cell comprised of a graphite anode and a LiCoO2 cathode, separated by a
membrane and liquid electrolyte. [11]

As mentioned before, good progress could be achieved within the last decades regarding the
energy density of LIBs. However, for the desired further size decrease of the batteries and
to expand on fields like energy storage and automobile applications, further increase of the
gravimetric (Wh-kg™') and volumetric (Wh-1~") energy capacities is necessary.['”'8] The energy
(Wh) is derived from the capacity (Ah) times the potential (V). The total specific capacity of
a battery (mAh -g~!) in turn is given in eq. 1 with C5 and C¢ being the theoretical specific
capacities of the anode and cathode materials and 1/Qy being the specific mass (g - mAh™1!)

of other cell components (electrolyte, separator, current collectors, case, etc.).[lg]

Total cell capacity = (eq. 1)

1
1 R 1 R 1
Ca Cc Qum
When only the electrode materials are varied in a specified battery system 1/Qy; is constant,

hence eq. 1 can be converted to eq. 2[201:

CaCc

_ZAYC  (eq. 2
Ca i Co (eq. 2)

Relative cell capacity =
The evaluation of this equation with nowadays viable cathodic specific capacities (Cc) of 140
— 200 mAh - g~! results in the conclusion that the increase of the total battery capacity levels
off once 1200 mAh - g~! anode capacity is achieved (fig. 1.3).[19’21] Hence, a realistic aim for

I which would improve

new anode materials therefore is at least a capacity of 1000 mAh - g~
a current LIB specific capacity from ~ 101 — 117 mAh - g=! to 123 — 145 mAh - g~!. This

corresponds to an increase by 21 to 25 %.



1 Introduction

240

215

190

—8—Cc = 140 mAh/g
~#—Cc = 200 mAh/g
—4—Cc = 300 mAh/g

165 |

140

115

Total Specific Capacity, mAh g

gp L ®. "
0 500 1000 1500 2000 2500 3000 3500 4000

Anode Specific Capacity, mAh g

Figure 1.3: Total specific capacity of a LIB as a function of the specific capacity of the anode for distinct
cathodic specific capacities (Cc) based on eq. 2 (fig. adapted from ref.[?1]).

1.2 Replacing graphite with silicon - aims and challenges

1.2.1 Graphite, the established lithium-ion battery anode material

When LIBs were commercialised in the 1970s, metallic lithium was used as anode material.
Unfortunately, a fatal flaw emerged, namely the nucleation of lithium dendrites at the lithium
metal anode upon repeated cycling.”) In consequence the so-called "rocking chair" batteries
were developed. They are based on easy Li-ion shuttling between the storage hosts on the

[22]

cathode and anode side, which can prevent dendrite growth. To ensure this migration, the

host needs to provide a rather rigid lattice so that the intercalation entails only minor structure

23] This electrochemical inser-

and chemical modifications, which are in addition reversible.
tion—extraction process is a solid state redox reaction involving electrochemical charge transfer

coupled with the insertion and extraction of the mobile guest ions into and from the host.

Carbon materials are up to now the most commonly used "rocking chair" anodes for LIBs due
to their outstanding cycling stability.['2l In most cases these are graphitic materials, since ma-
terials with layered graphite structure exhibit anisotropic electrical conductance and the ability

to accommodate ions between the lattice layers with relatively low volume expansion.[24:25]

1 when elec-

Theoretically, common graphite exhibits a gravimetric capacity of 372 mAh - g~
trochemically lithiated to LiCg.[**2% The respective lithium accommodation properties, irre-
versible charge loss and Li-ion (de-)intercalation rate strongly depend on the crystallinity, the

(12,27 The intercalation of lithium is

microstructure and the micromorphology of the graphite.
a topotactically controlled reaction and occurs exclusively at prismatic surfaces and the defect
sites of the basal planes of graphite.[28] Therefore, a high number of structural defects in the
graphitic material is beneficial for the performance of graphite.['229] The regular central in-

tercalation mechanism of ions into graphite includes first the ion penetration into the graphite

4
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under elastic deformation of the graphene layers and then the ion diffusion in between the layers

and the stage ordering. (23]

In general, the Li-ions can be inserted rather easily through the graphite prismatic sites,
since there are no chemical bonds between the graphene layers.[233% Only the Van-der-Waals
forces need to be overcome for a small gap increase between the graphene layers. The Li-
ions then spread via solid state diffusion between the graphene layers. It has been shown for
highly oriented pyrolytic graphite (HOPG) that the Li-ion diffusivity parallel to the graphene
plane is high (~ 1077 — 1076 em? - s71), while it is decreased along the grain boundaries
(~ 107 em? - s71). B It is thus assumed that the solid state diffusion of the ions can restrict
the capacity of graphite at high intercalation rates. 321 Upon electrochemical Li-ion intercalation
the AB stacking, in case of hexagonal graphite, or the ABC stacking, in case of rhombohedral
graphite, changes to an AA stacking order and the distance between the layers increases about
10.3 % from 3.4 A to 3.7 A (fig. 1.4 a).13334 The lithiation of graphite is accompanied by a
stepwise formation of a periodic array of unoccupied layer gaps. For the labelling the number
of the stage addresses the number of layers separating the intercalated layers as illustrated in
figure 1.4 ¢).['23% Here, stage II is separated into two sub-stages (II and II L) due to different
Li-ion packing densities (IT = Lip5Cg and IT L = Lig.33Cg). However, the formed stages should
not be considered as densely filled graphite layers over the entire crystal dimension, but con-
siderably smaller stage islands (10 — 1000 nm).[?3] These intercalated islands are sandwiched
by elastic graphene layers and therefore the transition from, e.g. stage Il to stage II does not
include de- and re-intercalation of the ions, but it includes only motion of the islands over do-
main boundaries. In general, the staging is related to thermodynamic phenomena including the
energy required to expand the gaps between the graphene layers and the repulsive interactions
between the guest species. This usually results in few but highly occupied gaps. [12,23] Although
such staging is energetically favoured, the existence of "diluted stages" where all layers are filled
but with diluted Li-ion distribution have recently been suggested as an intermediate between

[25:35] A schematic potential /composition curve for galvanostatic lithiation

stage I and stage II.
of graphite can be seen in figure 1.4 ¢). Its plateaus indicate the two-phase regions where the
stages are transformed. When LiCg is reached, all layers are filled and both, the graphene layers
and the Li-ions, are stacked on top of each other. This stacking is named A-a-A-« representing
C6-Li-Cg-Li chains.[?®! Viewing perpendicular to the basal planes, the Li-ions are arranged in

such a manner that they avoid the occupation of the nearest Cg neighbour sites (fig. 1.4 b).

For undisrupted battery performance based on the described Li-ion intercalation process two
major processes need to be avoided: firstly, the co-intercalation of solvent into the graphitic
structure and secondly, the self-discharge of the battery. The co-intercalation of solvents with
Li-ions (Liy(solv)yCg) is associated with extreme expansion of the graphite matrix around
150 % in contrast to the reported 10 % upon regular LiCg formation.[!2l This leads to exfolia-
tion of the graphite and therefore to a drastic decrease in the storage capability of the material.

Co-intercalation of the solvent can be avoided by the application of ethylene carbonate (EC)
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[36,37]

based electrolytes. The decomposition products of the EC-based electrolytes formed dur-

ing the first lithiation effectively protect the graphite surface from further excessive solvent

co-intercalation. Consequently, graphites with sufficient reactivity towards EC need to be ap-

[38] However, when lithiated carbonaceous materials in non-aqueous electrolyte are stored

39]

plied.
in a charged state at elevated temperatures significant self-discharge of batteries can occur.
This is usually accompanied by self-heating and occurs when intercalated lithium diffuses to
the edges of the graphene layers and undergoes exothermic reactions with the non-aqueous
electrolyte.[*0:*1] Referring to this it was shown that carbons containing rhombohedral graphite

provide a higher thermal stability. 42!
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Figure 1.4: a) Schematic drawing of LiCg showing the AA layer stacking sequence and the aa interlayer
ordering of the intercalated lithium, b) view perpendicular to the basal plane of LiCs c) schematic
galvanostatic curve for stage formation during electrochemical lithiation of graphite (adapted from
ref. [12]),
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1.2.2 Silicon as potential anode material in lithium-ion batteries

In the task of looking for new anode materials with higher capacities, literature agrees on the
fact that silicon is one of the most promising candidates.[1418:21.43] Vet the application of sil-
icon in LIBs includes several challenges, which is why it has been under investigation for four
decades now.[*! Crystalline silicon (c-Si) is a semiconductor, has the dense diamond cubic
crystal structure (face-centered cubic) and forms a self-passivating layer on the surface when

r.[14:45] Reflecting the beneficial properties of graphite, which make it a state-of-

exposed to ai
the-art anode material, namely its electrical conductivity and the facile Li-ion (de-)intercalation
in between the graphene layers, silicon does not seem more suitable for the application in LIBs.
However, silicon exhibits an outstandingly high theoretical gravimetric capacity when electro-
chemically lithiated to Li;5Sis (3579 mAh - g=1).[*6-48] Moreover, its abundant supply together
with low toxicity make it attractive for processing on industrial scales. A list of characteris-
tics for graphite and silicon applied in LIBs can be found in table 1.1. The table includes the
volumetric capacity (Ah -171), which is considered crucial for most battery applications. 4]
To ascertain the volumetric capacity properly, the volume of the fully lithiated, not the fresh,
material is decisive, since this will restrict the applicability in batteries. To obtain a viable
impression of the battery capacity improvement Obrovac et al. introduced a full cell model
("stack model"). Compared to the theoretical tenfold gravimetric capacity which silicon ex-

hibits compared to graphite, the model predicts an increased energy (Wh) of 34 %.

Table 1.1: Characteristics of graphite and silicon as anode materials in LIBs (adapted from ref.['2:49])

material | reaction lithiated gravimetric = volumetric expansion "Stack model"
with phase capacity capacity (%) energy
lithium (mAh-g=1)  (Ah-171) (Wh-171)

graphite | intercalation LiCg 372 837 10 726

silicon alloying Liy5Siy 3579 2194 280 976

Silicon is not an intercalation host for Li-ions, like graphite, but reacts to Li-Si alloys of so
high stoichiometric lithium content (Lij5Sis) that it could be considered as silicon dispersed
in lithium. The Li-Si phase diagram (see fig. 1.5) depicts various Li-Si phases which are gen-
erally understood as Zintl-like phases.[?991] However, these phases are only electrochemically
formed when ¢-Si is lithiated at high temperatures (415 °C). At room temperature the forma-
tion of equilibrium intermetallic phases is kinetically hindered.['!l Instead, the c-Si undergoes

electrochemically-driven solid state amorphisation. 52
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Figure 1.5: Li-Si phase diagram. !

The investigation of the explicit (de-)lithiation processes in silicon is delicate, since predomi-
nantly amorphous Li-Si compounds occur. The associated (de-)lithiation processes are mainly
derived from (in-situ) XRD, TEM, EELS, and NMR analysis. Their transitions are illustrated in
figure 1.6 a) 53 During the electrochemically-driven solid state amorphisation ¢-Si is lithiated
in a two-phase process to amorphous Li-Si compounds (a-LiySi). [9] Thereby, the ¢-Si and the
a-LiySi are separated by a sharp reaction front. [53] This reaction front shows a high concentra-
tion of Li-ions, which is necessary to weaken the Si-Si bonds and involves a tremendous volume
expansion. ®*55] The entailed enormous gradients in transformation strain are associated with
high internal stress and can lead to material cracking. The resulting highly lithiated amorphous
state a-Li,Si can be described as a lithiated metastable glass which contains isolated Si-anions

[56,57]

and Si-clusters that are broken apart upon further lithiation. When lithiation continues,

but not before nearly all Si-clusters are broken, and the potential reaches about 50 mV (vs.
Li/Lit), the highest lithiated phase accessible at room temperature, c-Lij5Siy, forms. [14,47,58,59]
The crystallisation of this metastable phase is assumed to be kinetically favoured, since both,
a-LiySi and c-Lij5Si4, contain isolated Si-atoms, which are well dispersed in lithium.[59:60] The
subsequent delithiation takes place in a two-phase process, in which amorphous Lisi(3Si re-
places the c-Lij5Sis. Further delithiation to amorphous silicon (a-Si) occurs in a single phase
process. [61] The resulting a-Si contains Si-tetrahedron clusters and forms a much more open ma-

trix with less overpotential for the next lithiation processes compared to ¢-Si.!5®l However, be-
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sides a-Si, crystalline regions and trapped Li-ions are a part of the delithiated state. [19,62-64] e
incomplete delithiation is attributed to the poor conductivity of silicon and its Li-compounds in
combination with the volume contraction which can lead to contact loss of silicon to its conduc-
tive partner. [#6:6%66] In the next and all following cycles the silicon lithiates via a single-phase
lithiation reaction until crystallisation of Lij5Sis.[7] Nevertheless, these suggested reactions
have to be assessed carefully, not least because the lithiation processes strongly depend on the
battery parameters. In contrast to the discussed lithiation mechanisms, studies using neutron
reflectometry and XPS combined with secondary-ion mass spectrometry reported the existence

of regions with divergent lithiation degree. [62:68]

For the a-Liy Si state occurring during the lithi-
ation of c-Si two time-dependent regions were reported, a skin region with Lis 5Si and growth
region with Lig1Si. Upon lithiation of a-Si highly lithiated phases beyond Lij5Siy were found,
which can serve as fast diffusion paths due to a relatively high diffusion coefficient for Li-ions

(fig. 1.6 b).[6%:68]
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Figure 1.6: a) Diagram for cycling of a Li/Si electrochemical cell with 1°* lithiation (blue), 1°* delithiation
(green) and 2™ lithiation (red); a-Li,Si = fixed composition that coexists with c-Si, a-LixSi =
single-phase region of variable composition, Li,Si = fixed composition that coexists with Li;5Sis
during delithiation, Lijs4+wSis = variable stoichiometry single-phase region [53]; b) schematic view
of the lithiation mechanism of an a-Si thin film. [¢®]

During repeated (dis-)charging the capacity of micrometer-sized silicon decays quickly. This
decay can mainly be attributed to the low conductivity of silicon and the large volume ex-
pansion caused by the lithium uptake.[20:69 The combination of both leads to fragmentation
and electrical contact loss of the silicon and moreover makes a formation of a stable solid
electrolyte interphase (SEI) impossible (fig. 1.7).18] The latter will be discussed in detail in
chapter 1.2.3. Upon silicon lithiation to c-Lij5Sis the volume of the material expands about
280 %.170°72] Hence, occurrence of stress and vertical displacement is likely, resulting in silicon

fracture and irreversible silicon particle detachment. ™!

Even for small silicon particles (5 —
10 pm) cracks form while cycling and even at very low current rates not all Li-ions exit from
the particles.!%:7374 Owing to the large surface-to-volume ratio, nanostructured materials can

facilitate strain relaxation and can prevent the build-up of internal stress.'1:46l This makes
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them more mechanically stable than their bulk counterparts. In addition, the initial reaction
of lithium with silicon takes place at the silicon surface, grain boundaries and planar defects,
which are abundant in nanoscale silicon. Moreover, the nanostructure improves the slow Li-ion
transport by decreasing the electron/Li-ion diffusion length, which thus enables a higher rate
performance and higher capacity utilisation.[™ In agreement with this, it has been shown for
silicon nanoparticles (Si NPs) that their fracture is size dependent and that Si NPs smaller
than 150 nm in size could overcome the cracking upon electrochemical (de-)lithiation.[7 In-
vestigations of smaller Si NPs (30 — 50 nm) showed further peculiarities. ™ While bulk silicon
undergoes nearly linear solid state amorphisation, the lithiation of the Si NPs proceeded in a
non-linear process. Moreover, c-Lij5Sis was not formed. Silicon nanowire (Si-NW) battery elec-
trodes were also reported to circumvent pulverisation as they can accommodate large amounts
of strain.[®l Comparable results were obtained from extensive silicon thin film studies by de-
position of a-Si thin films using radio frequency magnetron sputtering, radio frequency glow
discharge, vapour evaporation and electron-beam deposition on several substrates (copper foil,
stainless steel, nickel foil and beryllium windows). [58,63,77-80] The studies agree on higher gravi-
metric capacities and longer cycle life for thinner films around 250 nm compared to pm-scale
films.
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Figure 1.7: Silicon anode failure mechanisms: (a) material pulverisation, (b) material vertical displacement
and (c) continuous SEI growth. *!)

Summarising the last years’ research, the basis for the rational design of silicon-based an-
odes seems to be the application of nanoscale silicon preferably combined with conductive
networks. [*3] Yet, the decreased size and thereby increased surface, entails new challenges like

an increased demand for binder, electrochemical sintering of the active material and an en-

10
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larged silicon-electrolyte interface promoting side reactions.[$233 Origins and consequences of

the latter are discussed in the next section.

1.2.3 Processes at the anode electrolyte interface - the solid electrolyte
interphase (SEI)

The purpose of an electrolyte in a LIB is to shuttle the Li-ions between anode and cathode. [13]
Therefore, electrolytes in LIBs have to be aprotic and should, moreover, provide a good Li-ion
conductivity, a low electric conductivity and a high electrochemical stability. 1284 For appli-
cation in commercial batteries they need to be stable in the working temperature range, safe,
inexpensive and have a low toxicity. A mixture of cyclic and linear organic carbonates together
with a conductive salt provides the basis for current LIB electrolytes. The cyclic carbonates
provide high dielectric constants to reduce ion pairing and increase the ion mobility in the
electric field, while the linear carbonates exhibit lower viscosity for faster Li-ion diffusion. The

structure formula of electrolyte components discussed in this section are illustrated in figure 1.8.
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Figure 1.8: Structural formula of a) ethylene carbonate (EC), b) diethyl carbonate (DEC), ¢) dimethyl car-
bonate (DMC), d) lithium hexafluorophosphate (LiPFg) and e) fluoroethylene carbonate (FEC).

In the course of time ethylene carbonate (EC) based electrolytes stood out for application in
LIBs due to their good performance. 85861 Despite its comparably high dielectric constant, EC
was not considered as electrolyte for a long time due to its high melting-point of 36 °C.187 How-
ever, EC was found to form liquid homogeneous mixtures with linear carbonates, e.g. diethyl
carbonate (DEC) and dimethyl carbonate (DMC), at room temperature, with the resulting elec-
trolytes providing lower melting temperature, lower viscosity and higher ion conductivity. 87!
Nevertheless, the conductivity of the mixture needs to be further increased by the addition of
a lithium salt. For the salt the requirements are also tough, so that the repertory is small.
Most of the salts cannot provide enough solubility in the low dielectric media, or the anions
are unstable to oxidation. Among the remaining salts LiPFg stands out due to its multifaceted
good performance in terms of conductivity, dissociation constant, thermal stability and chemical
stability. 87l However, even at room temperature LiPFg undergoes autocatalytic decomposition
(eq. 3). Its products PF5 and HF from reaction with traces of water further react with EC,
DEC and the silicon surface, SiOy (eq. 4 and 5).[34:85,87-89]

LiPFg = PF5 + LiF (eq. 3)
PF5 + HQO — 2HF + POF3 (eq. 4)
SiOx + 4HF + 2F~ — SiFz~ +2H,0  (eq. 5)

11
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In EC/DEC mixtures the Li-ions of the dissolved lithium salts are rather solvated by EC than
DEC. 9091 A favourable coordination number of four EC in the first solvation sphere was

[92-94] Furthermore, it was determined that

found by calculations and spectroscopic methods.
a coordination of the Li-ion by the carbonyl-group oxygen in the tetrahedral arrangement is
the most favourable. DFT calculations indicate that the solvation is a spontaneous exothermic
process and that the solvation of Li-ions with EC exhibits the highest values for the binding
energy, enthalpy of solvation and free energy of solvation, which supports the experimental
results. Y] However, it was also shown that the complex’ coordination number depends on the
salt concentration, since PFg can be part of the first solvation sphere (Lit(EC)2(LiPFg)) for

salt concentrations above 0.5 M. 9]

Upon exposure of graphite or silicon anodes in LIBs to these aprotic electrolytes a thermody-
namical driving force for the electrochemical reduction of the electrolyte on the anode surface
emerges.[?l This is due to the fact that the Fermi levels of both materials are higher than
the estimated lowest unoccupied molecular orbitals (LUMO) of the electrolyte components.
One electron reductive decomposition of EC and DEC leads to various decomposition prod-
ucts, including further reactions with Li-ions, EC and DEC. 971 Even though these are parasitic
reactions which consume Li-ions and active charges, the result can be self-passivation of the
anode surface if the decomposition products form an assistant surface electrolyte interphase
(SEI). Such an SEI can contribute to the stabilisation of the battery performance in terms of
irreversible charge loss, self-discharge, cyclability, rate capability and safety. 98] The SEI can
prevent continuous electrolyte reduction by blocking the electron transport and thereby also
Li-ion consumption and the formation of decomposition products is avoided.[96:98] Moreover, it
can protect the active material from exfoliation and co-intercalation of solvent molecules.[99:100]
A prerequisite is that the SEI is electronically insulating, but Li-ion conductive and, first and

foremost, stable. [101-103]

A representative example for stable SEI formation is graphite in EC-based electrolytes. When a
graphitic anode is lithiated its surface is negatively polarised, initiating the electrolyte decompo-

98] EC is reduced in the first cycle at potentials above the lithium intercalation

sition processes.
potential to (CHoOCO2Li)s-surface films, which passivate the carbon. 38104 This SEI forma-
tion entails gas evolution and a significant irreversible charge loss in the first cycle, with the
latter scaling with the surface area and the nature of the graphite.[33:105:106] Thig confirms that
the charge consuming process is a surface process and indicates that it differs for prismatic
and basal planes. Indeed, it has been shown for HOPG cycled in an EC/DEC mixture that
the SEI contained more organic components on the basal planes and more inorganic species on
the edges.[197:198] Tt is suggested that the SEI on graphite consists of a dense layer of inorganic
components close to the carbon, followed by a more porous organic or polymeric layer. [98,109,110]
To give a general SEI composition is difficult, since the detailed study of the SEI is difficile due
to its nanoscale thickness, amorphous composite structure and air sensitivity.['*!] Moreover,

its precise composition is affected by several factors like the pre-treatment of the carbon ma-

12
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terial, the electrolyte composition and battery operation. %8l

mainly insoluble materials including Li2O, LiF, LioCO3, RCO2Li, alkoxides, CiHy-based frag-

ments, non-conducting polymers and polymers with (CHg)y, sequences. [109110,112,113] Degpite

However, most reports agree on

EC forming a proper surface film, the SEI thickness and its LiF' content have been reported
to increase with the number of battery cycles, which also entails a gradually increasing over-

n.[114.115] These observations were attributed to the material

potential for the anode lithiatio
dynamics during (de-)lithiation. Both, anode volume and the SEI thickness, were found to be
smaller in the delithiated state than in the lithiated state.[%®] These volume changes can lead
to continuous electrolyte reactions caused by small scale surface reactions between lithiated

graphite and solution species.

The SEI formation on silicon in comparable electrolytes, however, is more inhomogeneous with

[116] The formation of

single-, double-, and multi-layered, porous and sandwiched structures.
the reported underlying polymers and oligomers through degradation of electrolyte solvent is
ascribed to be the reason for the irreversible capacity occurring in these batteries.[''7] Con-
versely, results from gravimetric analysis showed that the silicon electrode mass continuously
increased in close relationships with the irreversible capacity loss.['*8] Especially low potentials
were reported to cause thick SEI layers of large particles, which partially dissolve and form
cracks upon delithiation, so that the SEI coverage for the fully discharged silicon is only about
51 %.11191 With the continuous growth the characterisation of the SEI gets more complicated,
while the components are well-known for the first cycle. The initial SEI formed on silicon in
LiPFs EC/DEC-based electrolytes is similar to that on graphite until 0.5 V are reached and
consists mainly of LiF with further LiPFs, PF, LiyCO3, RCOoLi.["97121 During further lithi-
ation, penetration of the underlying silicon by Li-ions occurs and Si-Li, Si-F, LioO and Li,SiOy
are formed by reaction with the SiOq-layer (see fig. 1.9). This SiOg-layer caused by silicon oxi-
dation upon air-exposure is reactive enough to form SiOxFy (y < 3) species by simple contact
with the electrolyte. 222l The described lithiation process goes in line with the reported obser-
vation that only after 30 % anode lithiation the SEI layer growth stagnates and the lithiation
of the silicon starts to rise significantly. [68] Upon delithiation until 0.9 V, the lithium is almost
fully extracted, the SEI thickness has decreased and no more LiyO can be detected.!'2!] The
instability of the SEI on silicon is mainly attributed to the large volume expansion (~280 %) of
silicon upon lithiation. This leads to cracking of the SEI due to mechanical strain and continu-
ously exposes fresh silicon surface, leading to further SEI formation. 1] Tndeed, it was shown
that decomposition reactions on silicon stop once reaching deep lithiation potentials due to
sufficient prevention by the SEI. However, upon delithiation and material shrinking the oxygen
content starts to increase in the interior anode region, indicating new exposure of silicon to the

electrolyte. [63]

As a consequence of the described processes, the charge loss for SEI formation increases with

[123]

increasing silicon surface. This is especially critical since, as discussed in the previous chap-

ter, nanostructured silicons are desired for new anode materials. One approach to maintain the

13
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SEI stable under expansion and contraction of the silicon is to cover the silicon with a flexible,
conductive element.['?*l The surface coatings may act as mechanical constraining layers that
buffer volumetric changes during electrochemical cycling, thus helping to maintain good elec-
trical contact of the components. 11251 At the same time such coatings may form a passivation
layer that can suppress unwanted reactions between the silicon and the electrolyte. Especially
electronically conductive coatings such as carbon, metal and conductive polymers are consid-
ered to further enhance the redox reaction kinetics. However, it was reported for conductive
polymer coatings that the mechanical protection entailed internal compressive stress leading to
self-delithiation.126] Another approach to stabilise the SEI is to alter the electrolyte to gener-

127] Ty achieve

ate a thin, flexible and stable SEI that remains in contact to the silicon surface.
this, various chemicals such as vinylene carbonate and fluoroethylene carbonate (FEC) have
been added to the electrolyte. 271281 Particularly, FEC additives have been proven effective
by formation of a stable FEC-derived SEI film, which limited the emergence of large cracks,
preserved the original surface morphology and suppressed additional SEI formation from the

t.[129:130] However, it was shown that the FEC is continuously consumed during electro-

[131]

solven

chemical cycling, leading to a rapid capacity drop once all FEC is consumed.
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Figure 1.9: Schematic view of the mechanisms occurring at the surface of silicon nanoparticles: initial formation
of the SEI, LikSi, LiO and LixSiOy formation upon further lithiation and the partial reversibility
upon delithiation (adapted from ref.[21).

1.3 Electrochemical evaluation of lithium-ion batteries

To properly investigate anode materials, the electrochemical test parameters have to be chosen
carefully. Already for simple electrochemical tests like "cycling" the experimental parameters
can be varied significantly and thereby have a severe influence on the battery performance.
Hence, to improve the understanding of the degradation processes in LIBs and moreover inves-

tigate the influence of the anode material on parameters like capacity fade and SEI formation,

14
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the experimental parameters should be set thoughtfully and the resulting data must be analysed

thoroughly.

1.3.1 Battery cycling: anode lithiation — delithiation

The cycling of batteries, meaning the repeated lithiation and delithiation of the electrodes, can
be simplest achieved by the application of a constant current (CC) until the battery is charged
or discharged. The exact cycling protocol, however, can have a significant influence on the
battery performance, in particular when the lithiation sequence is varied.[32-134] The variable
testing parameters discussed in this work include the cut-off criterion, whether there is a break
or constant voltage (CV) sequence after the (dis-)charge and the current rate (C-rate). By
variation of the C-rate the material can be charged faster (high C-rate) or more slowly (low
C-rate). The C-rate represents the number of hours required for a full (dis-)charge, so with C/2

a complete charge is achieved in 2 hours and with 2C in half an hour. [l

The battery performance in turn is usually defined by the capacity of the battery, the capacity
continuity and the coulombic efficiency (CE) of the individual cycles. The capacity can be
defined by various parameters like the specific discharge capacity (mAh - g=!) which is often
cited because it can be calculated reliably, gives the reversible capacity and is an important
parameter for weight-sensitive applications.[*6] The CE is defined as the ratio of delithiation
to lithiation capacity and therefore describes the loss of charges within one cycle. Low CE
values are usually caused by particle fracture and disconnection or electrolyte decomposition.
In most cases this entails the consumption of Li-ions, leading inevitably to a continuous loss of
capacity.[*9] Finally, the stability needs to be described for a reasonable number of cycles. A
commercially viable electrode must be able to sustain a stable capacity for 100 — 200 cycles for
wearable computing and 300 — 1000 for portable electronics. [*8l Hence, a reasonable capacity

stability test needs at least 100 cycles.

To increase the cycle life of batteries with nanostructured silicon-based anodes, the parameters
of the protocols are usually set so that the silicon is not lithiated to the maximum. To achieve
this, two major techniques are reported: firstly, cycling within a smaller potential window and,
secondly, restricting the depth of charge. Both methods are based on the reduction of the
amount of volume change to decrease the stress on the material and reduce the fragmentation
of the SEI on the silicon surface. By fixing a cycling potential window which is smaller than nec-
essary for complete charging and discharging, a significant improvement of the cycling stability

[47,53,70,119,135,136] Here the most popular method is to increase

of Si-based LIBs was reported.
the cut-off potential border for the lithiation process from 0 — 5 mV to 50 — 70 mV. This avoids
the formation of c-Lij5Sis, which is associated with high internal stress and therefore capacity

[47:53] Moreover, the morphology and composition of the SEI on Si-NWs was found to

fading.
be voltage dependent. 119 However, the shrinkage of the cycling potential window inevitably

involves a reduction of the capacity. When the lithiation cut-off border is raised from 0.0 V to
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0.2 V for a-Si thin films the gravimetric capacity is reduced from over 3000 to 400 mAh - g,
but remains stable over 400 cycles. 37l Another widespread method to improve the performance
is the restricted "charging depth" of silicon-based materials. Based on the same idea that less
lithium is inserted in the material, usually about 45 % of actual capacity or less are in use.
Yet, the cut-off criterion is not the voltage, but the amount of charges. As a result a significant
improvement in the cycling stability for a great number of cycles and different current rates was
reported. [63:138:139] Nevertheless, it has been shown that the restriction of the charging depth
simply postpones the battery failure to a higher cycle number. [123:1401 Ag can be seen from
figure 1.10, the gradually decreased charging depth leads to a successive longer cycle life of the
battery. For the batteries cycled with a significantly reduced charging depth the failure point
where the capacity suffers from a drastic drop involves a distinct decay in the CE. Furthermore,
it was shown for the silicon sample cycled with fixed 1000 mAh - g=! how the fresh c-Si was
consumed during cycling. This strongly suggests that not all available silicon was lithiated to
a small degree from the beginning on, as intended. Instead, only a part of the available silicon
was lithiated to inevitably higher lithiation degrees. Thus, the silicon material runs through
the same electrochemical processes as in the regular protocol, but stepwise in smaller material
regions. Whether such an approach is worthwhile regarding the sum over all charges provided
in all cycles remains questionable. From these methods a variety of hybrid protocols can be
deduced, which include formation cycles with restricted charging depth entailed by a stable
cycling in a respective restricted potential region.[m] With this, it is intended to amorphise

parts of the silicon and then cycle subsequently only the amorphous parts.
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Figure 1.10: Diagram of a) the cycle performance of ball-milled silicon with CMC-433 composition and b) the
coulombic efficiency as a function of the cycle number. [12!

As discussed in the previous paragraphs, a battery cannot be defined by a single property,
e.g. the initial gravimetric discharge capacity, but has several key characteristics. Besides the
initial capacity it is, for example, of prime importance how long this capacity can be maintained
and how the CE develops over cycling. To obtain a more comprehensive impression of several
materials or battery compositions simultaneously, radar plots are a reliable representation tool
(fig. 1.11). [7,141-145] Ag can be seen from the examples, no fixed defaults for the axes are given,

hence radar plots can be adapted for the respective parameters of interest.
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Figure 1.11: Radar plot with a) individual stress factors for diverse battery categories 4%l and b) battery data
for varied electrolyte combinations in Li(Ni; 3Mn;,3C0;,3)O2/graphite pouch cells (1431,

1.3.2 C-rate capability

By varying the C-rate, the rate capability of a material can be investigated which in turn gives
insights on the material’s reaction kinetics and inner resistance. There are various protocols for
C-rate capability tests, which are based on a stepwise increase of the C-rate over cycling, for ex-
ample every fifth cycle, to evaluate how the capacity changes with increasing C-rates. [138,146,147]
In addition, the C-rate of the last set of cycles can be re-decreased to the initial low C-rate
to investigate whether the capacity is irreversibly lost or if it can be reobtained. [124:130,148] A py
example for the performance of silicon-carbon electrodes in electrolytes with different content of
fluoroethylene carbonate (FEC) is shown in figure 1.12. It is clearly depicted that the battery
run without FEC suffers from a stronger capacity decay and is more affected by the increas-
ing C-rate. A stabilised performance as observed for the battery containing 15 wt.-% FEC
is an indication for a reduction in the anodes interfacial resistance, which was supported by

electrochemical impedance spectroscopy. 130148l
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Figure 1.12: Specific capacity as a function of the cycle number for Si/C electrodes in electrolytes containing

0, 1, 5, 10, 15 and 20 wt.-% FEC at current densities from 0.5 — 12.5 A - g~ ! to illustrate the
C-rate capability. (3]
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1.3.3 Differential capacity analysis

To investigate even small changes in the material function of batteries, constant-current chrono-
potentiometry is used to collect the voltage versus the charge. Differentiated plots of this
data reveal electrochemical reactions as peaks.[1#9159 The differential capacity plot (DCP)
of graphite typically shows six peaks (fig. 1.13 a), three reduction peaks and three oxidation
peaks. [151:152] The peaks indicate that the reaction consists of at least three solid-state redox
reactions. 23] The observed peak shift with increasing cycle number is ascribed to an increased
resistance of the working electrode with cycling, which leads to successive overpotentials for
the staging processes.! The peaks were assigned to the respective intercalation stage by
investigation of the graphene layers’ repeated distance using (in-situ) XRD in combination with
the anode weight and the state of charge (table 1.2).[1537155] An illustration of the connection
between the stage transitions LiCg = LiCy (region I), LiCiy = LiCyg (region II), LiCig = LiCyy
and LiCe7 = LiCsg (region IIT a and b) and LiCsg = LiCrs (region IV) and the potentials is
given in figure 1.13 b). Despite the disunities for the highly diluted stage, the reports agree that
the three dominant peaks are attributed to the transitions listed in table 1.2. Levi et al. and
Dahn et al. additionally reported the appearance of two more peaks in region III, which goes

well in line with the missing LiCg = LiCo7 and LiCa7 = LiCsg phase transition peaks. [15%156]
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) 04F — cycle1 170my - ) L4
| — Cycle3 /4 | (o08)(0.17) (033 taso)
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> T el ] muav;'«—rzm—n—m;—i——rn——j
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& ~ L ' ’
L - % !
] 0L wool rugmIOm . .
O o # "
T 04 F 120 mv j
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Potential (V vs Li/Li+) X in LixCg '

Figure 1.13: a) Differential capacity plot of graphite[150] and b) reversible potential of a lithium-graphite-
intercalation compound as a function of x in Li,Ce. %%

Table 1.2: Correlation of differential capacity plot peak positions (vs. Li/Li") and lithiation stages of graphite

reference process peak position peak position region
lithiation (mV)  delithiation (mV)

Ohzuku et al.['%3]  LiCry = LiCsg 190 230 v
LiCig = LiCyqq 95 140 11
LiCi5 = LiCg 65 105 1

Dahn et al.[1%415%]  TiC <4 = LiCzs  ~210 ~225 v
LiCyg = LiCyo ~115 ~135 11
LiCy2 = LiCq ~60 ~110 1
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In figure 1.14 a) the DCPs of the 1% to 5" cycle of a graphene-silicon nanocomposite are

shown. [157]

None of the graphite peaks discussed in the previous paragraph is observed, since
staging cannot occur in graphene. The DCP of the first lithiation exhibits a very distinct and
irreversible peak (A). It is attributed to the dominant conversion process from c-Si to a-LixSi,
which can be observed in parallel using in-situ XRD. [53:138:157-159] The reduction peaks (E) and
(F) correlate with the oxidation peaks (B) and (C) and are widely accepted to be caused by
the stepwise lithiation of a-Si to a-Lis oSi and a-Lis 5Si and the respective delithiation.[57-157:158]
The last reduction peak (G) is observable around 50 mV and it indicates the formation of c-
Liy5Siy. [47:58:160:161] Voreover, peak (G) is linked to the strong oxidation peak (D), meaning,
if the battery is cycled above potentials of 50 — 70 mV, it disappears together with peak (D)
(fig. 1.14 b). These peaks, correlated to c-Lij5Sis, have been shown to decay over cycling
in conjunction with the battery capacity.[53157162 Iy table 1.3 the reactions ascribed to the
labelled peaks are listed. While the characterisation of crystalline phases was straightforwardly
accomplished by in-situ XRD methods the characterisation of the amorphous phases is only
possible to a limited extent. Also, the stoichiometric composition of the amorphous Li,Si
compounds derived from XRD is calculated from the anode lithium content and therefore
imprecise.®3] The stoichiometric compositions derived from “Li NMR and pair distribution
studies are based on peak positions attributed to the arrangement of Si-clusters formed around

5.156:5759] But even though the evaluated transition reactions may

Li in LiySi model compound
be incomplete, the acquired assignments provide a useful basis for the discussion of differential
capacity plots. In addition, it is to mention that the first cycle DCP of a-Si looks different
compared to that of ¢-Si (fig. 1.14 ¢). In contrast to the first cycle DCP of crystalline Si-NWs
(green curve), the DCP of a-Si — ¢-Si core-shell Si-NWs (red curve) shows a distinct peak around
230 mV upon lithiation. Comparable to the first cycle peak of ¢-Si it indicates a two-phase region

[79] For silicon-graphite composites DCP features of

o, [159,163,164]

and it does not occur in subsequent cycles.

both materials can be observed at the same tim
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Figure 1.14: a) DCP of graphene-silicon nanocomposite*®” and first cycle DCPs of b) Si-NWs at different
cutoff voltages of 10 mV (red), 70 mV (grey) and 150 mV (blue) and c¢) crystalline-amorphous
core-shell Si-NWs (red) and single crystalline Si-NWs (green) (165,

Table 1.3: Correlation of differential capacity plot peak positions (vs. Li/Li") and lithiation processes of silicon;
XRD*! method involved capacity calculations for determination of the a-Li,Si stoichiometry

20

peak reference peak position (mV) attributed reaction concluded from

A Li et al.[53] ~100 ¢-Si — a-Liz 5Si XRD*

B Ogata et al.[57] 270 a-Lis 551 — a-Lis (Si (in-situ) NMR
Gauthier et al.[8%] 300 a-Li;5Siy — a-Liz493Si EELS

C Ogata et al.[57] 500 a-Lis ¢Si — a-Si (in-situ) NMR
Gauthier et al.l' 350 — 1000 a-LisSi — a-Si EELS

D Hatchard et al.[?®1 400 ¢-Liy5Siy — a-Li,Si in-situ XRD
Li et al.[53] 420 c-Li15Siy — a-LisSi in-situ XRD!
Ogata et al.[>7] 430 c-Lij5Siy — a-Liw11Si (in-situ) NMR
Gauthier et al.l' 450 ¢-Liy5Sis — a-List03Si EELS

E Ogata et al.[>7) 300 - 250 a-Si — a-Liy ¢Si (in-situ) NMR

F Ogata et al.[57] 100 a-Lis oSi — a-Lis 5Si (in-situ) NMR

G Obrovac et al.[47] 50 a-Li Si — c-Lij5Siy XRD
Hatchard et al.[38] 30 a-Li,Si — ¢-Liy5Siy in-situ XRD
Li et al.[53] 60 a-Liz 5Si — c-Liy5Sia XRD!




2 Thesis Aims

In the context of the desired energy transition the objective of this work is to contribute to the
understanding of capacity degradation in lithium-ion batteries and to evaluate state-of-the-art
concepts, which are adduced for new rationally designed silicon-based lithium-ion batteries.
Therefore, decisive parameters for the battery performance were examined by systematic re-
search. This includes both, the modification of the starting anode material and its electrochem-

ical treatment.

Nowadays nanostructured silicon materials like thin films, nanotubes and nanoparticles in com-
bination with carbonaceous materials are used in high capacity lithium-ion batteries to prevent
battery capacity decay through silicon fragmentation. To synthesise adjustable nanostructured
silicons with good reproducibility an in-house designed low pressure chemical vapour deposition
(LPCVD) hot wall reactor with a rotating module, which deposits silicon by pyrolysis of SiHy
on particulate and planar systems, is introduced. Using this very clean synthesis technique, the
deposition substrates are varied systematically to, firstly, test and validate the technique and,
secondly, choose a substrate which is the basis for further systematic research. For chemical
and morphological characterisation of the synthesised powders X-ray Fluorescence, Electron
Microscopy and Energy Dispersive X-ray analysis are used. Further knowledge on the anode
material is obtained through electrochemical testing and post-mortem characterisation using
Near Edge X-ray Absorption Fine Structure Spectroscopy and Electron Microscopy. (Chap-
ter 3)

Innumerable materials are imaginable on the basis of nanostructured silicon-carbon compos-
ites, hence the publications on specific materials with exceptional structures and morphologies
are vast. However, whether the stability is indeed attributed to the described nanocomposite
properties is hard to prove without proper comparison. To evaluate the influence of the silicon
content and morphology on the nanocomposites’ electrochemical performance, silicon is de-
posited on graphite with systematic variation of the deposition time and temperature. Decisive
correlations between the silicon loading determined by Elemental Analysis and Thermogravi-
metric Analysis, the crystallinity investigated by X-ray Diffraction and Raman Spectroscopy, the
morphology evaluated using Electron Microscopy and Energy Dispersive X-ray analysis and the
battery performance characteristics are revealed through electrochemical evaluation. Thereby,
a beneficial silicon content range for a stable battery performance and distinct correlations be-
tween deposition temperature and electrochemical performance are worked out. Moreover, the

investigation of cycled anodes using Electron Microscopy and X-ray Photoelectron Spectroscopy
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2 Thesis Aims

reveals an instructive impression of the solid electrolyte interphase morphology, thickness and
content. (Chapter 4)

To examine the battery performance stabilisation by silicon surface coverage with carbon the
adaptable LPCVD method is used to synthesise an amorphous carbon covered silicon deposit.
Therefore, amorphous carbon is deposited directly after the silicon deposition on the graphite-
silicon nanocomposite using propene. The highly crystalline silicon deposit, sintered due to the
high carbon deposition temperatures, is then covered with amorphous carbon which can prevent
the oxidation of the underlying silicon. The influence on the battery stability is investigated
by electrochemical testing and the evolution of the amorphous carbon layer after anode (de-)li-

thiation is investigated post-mortem using Transmission Electron Microscopy. (Chapter 5)

Due to the high variety in battery constructions, electrolytes and cycling protocols it is difficult
to estimate the significance of material modifications compared to variations of the surrounding
factors by simply comparing publications from research groups. To gain a conclusive impres-
sion of the significance of the achieved improvements by active material modification, the last
section refers to the investigation of the cycling protocol, battery housing and electrolyte compo-
sition. The influence of the variation and skipping of protocol sequences and the modification
of the electrolyte on the battery performance and solid electrolyte interphase formation are
investigated by a range of targeted electrochemical experiments and X-ray Photoelectron Spec-
troscopy, Scanning Electron Microscopy and Energy Dispersive X-ray analysis of the cycled

anode materials. (Chapter 6)
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3 Silicon deposition on carbonaceous powders
using LPCVD for high capacity LIB anodes

Abstract

Silicon represents an attractive material for future high capacity anodes for lithium-ion batteries
(LIBs) owing to several appealing properties. To avoid its fragmentation upon electrochemical
cycling, nanostructured silicon materials like silicon thin films, nanotubes and nanoparticles in
combination with carbonaceous materials are used nowadays. Low pressure chemical vapour
deposition (LPCVD) allows the homogeneous deposition of silicon on virtually any substrate.
Using the in-house designed LPCVD hot wall reactor, being equipped with a rotating module,
silicon can be deposited not only on planar substrates, but also on powders, even simultane-
ously. Using the LPCVD setup, depositions of silicon by pyrolysis of a Hy /SiH4 gas mixture on
several morphologically different carbonaceous materials, e.g. multi-walled carbon nanotubes
(MWCNTs), MWCNTs treated with hydrothermal carbon (MWCNT-HTC) and graphite were
achieved. The synthesised powders were characterised using SEM and XRF and the anodes
were examined ex-situ after 20 and 50 (dis-)charge cycles using SEM and NEXAFS.

3.1 Introduction

Nowadays, the usage of nanostructured silicon materials seems to be the most promising way
to reliably apply silicon in lithium-ion batteries (LIBs). These materials can accommodate
lithiation-induced strain without fracture, provide an improved rate performance and do not
suffer from inhomogeneous lithium-ion (Li-ion) distribution within the silicon caused by slow
Li-ion diffusion.[??l Yet, pristine bulk silicon does not provide a stable cycling performance,
hence, silicon is rather applied as coating on a substrate which provides the connection to the
current collector. For the generation of silicon coatings vapour processing routes stand out
most, since they can provide highly pure, thin and dense coatings with structural control at
low temperatures, in contrast to semi-molten processing like plasma or thermal spraying or wet
chemical casting routes. !9 Various studies were carried out on amorphous silicon (a-Si) thin
films deposited by radio frequency magnetron sputtering, radio frequency glow discharge and

vapour evaporation on several substrates (copper foil, stainless steel, nickel foil and beryllium
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3 Silicon deposition on carbonaceous powders using LPCVD for high capacity LIB anodes

Windows).[‘r’&”’go] The observations agree on higher gravimetric capacities and cycle life for

thinner films around 250 nm, compared to pm-scale films.

The investigation of the influence of the silicon’s physical and chemical properties on the battery
performance demands a synthesis method which guarantees clean, reproducible and adjustable
silicon. Amongst the vapour techniques, chemical vapour deposition (CVD) meets these re-
quirements best, since physical vapour deposition (PVD) shows significant drawbacks when it
comes to deposition on complex structured substrates and larger surfaces. %6l The CVD tech-
nique generates highly dense, pure and uniform films with good reproducibility and reasonably
high deposition rates, even on sophisticated surfaces. Moreover, by adaption of the CVD pro-
cess parameters the crystal structure, surface morphology and orientation of the deposit can
be controlled. In this work low pressure CVD (LPCVD) is used to alter the rate limiting step

during the deposition and reduce homogeneous nucleation of solid polymers. [167]

The chemical basis of silicon deposition by SiH4-LPCVD is the pyrolysis of silane. Its kinetics

[168,169]

have already been studied a century ago. However, the pyrolysis mechanism of SiHy

is complex, since the pyrolysis includes a sophisticated system with an extensive number of

g[170,171] s.1172] Nevertheless, the depo-

possible radical polymer and various growth mechanism
sition rates for LPCVD of SiH, are precisely investigated and the synthesis is known for its
great reproducibility. 73174 Studies show that for silicon nanodroplet deposits the density and
size of the droplets are piloted by the nature of the substrate and can be further modified

175,176] The deposited silicon can be varied

by synthesis conditions like time and temperature.
from crystalline to amorphous silicon by decreasing the deposition temperature, increasing the
deposition pressure or decreasing the dilution of the source gas.['7"l Additionally, the hydrogen
content of an a-Si deposit can be increased by further decrease in deposition temperature, which

entails a decrease in the number of dangling bonds in the a-Si structure. 167178l

Although LIBS with anodes containing plain silicon thin film depositions on planar substrates
exhibited the expected capacity, they did not show the desired stability, even when the thin
films were decreased to a thickness of 50 nm a-Si.[137179] Yet, it was shown for vacuum de-
posited a-Si films that an increase of the substrate roughness can stabilise the electrochemical

[180,181] Hence, tremendous research on the combination of nanostruc-

performance significantly.
tured silicon with a suitable substrate ensued. Since the late 1990s, the combination of silicon
and graphite has been regarded as a promising approach.['8] It was recognised as an effective
strategy to stabilise the electrode material, since well-chosen carbons can provide mechanical
flexibility, electrical conductance, fast ion transport and high chemical stability. 22l Already
simple mixtures of silicon and carbon have significantly decreased the relative volume changes
and improved the electrochemical performance of silicon-based anodes, however, the latter only

to a limited extent, [147:182,183]

In the pursuit of obtaining an enhanced beneficial effect from the carbonaceous substrate the

connection between carbon and silicon was tried to be improved using SiH4-CVD on carbons of
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3 Silicon deposition on carbonaceous powders using LPCVD for high capacity LIB anodes

various dimensions. The most popular one dimensional carbon substrate are carbon nanotubes
(CNTs), since they constitute a flexible support with high tensile strength and high electric
conductivity and can be used binder free.['83:184] Tt has been shown using a fluidised bed reac-
tor that CVD is an appropriate method to deposit silicon on CN'Ts and that the silicon loading
can be controlled by the deposition duration.'®] Materials with CNT substrate provided su-
perior performance compared to sputter-on silicon films on metal substrates, with the highest

gravimetric capacity reported reaching 2000 — 3000 mAh - g~!

on regular and vertically aligned
CNTs, depending on the silicon to carbon ratio. 183186187 However, this capacity still decays
after 25 — 50 charging-discharging cycles. Comparable results were obtained for silicon CVD on
carbon nanofibres, with a capacity of about 2000 mAh-g~! for the first 30 cycles.['6% For a two-
dimensional carbon material, in this case graphene, the comparison of silicon deposited via CVD

with a simple mixture showed that the CVD nanocomposite exhibited 2858 mAh - g—!

, nearly
1.5 times the initial discharge capacity of the mixture reference.['88] Furthermore, the CVD
material provided a stable performance for fast delithiation (14 A - g~!) over 1000 cycles with

L. This improvement was attributed to the improved silicon-carbon

on average 1103 mAh - g~
contact and the avoidance of silicon agglomeration. Considering three-dimensional carbons,
various types of graphite were taken into account. Silicon LPCVD on SFG graphite resulted in
silicon nanodroplets of 5 to 30 nm in diameter, depending on the deposition time, and the mate-
rial provided a good capacity of 780 mAh-g~! for 10.7 wt.-% silicon content.['89] Although this
material showed a strong fade, Holzapfel et al. reported that a comparable material containing
7 wt.-% silicon with 10 — 20 nm silicon droplets deposited by CVD on KS6 graphite could main-
tain 500 mAh - g=! for a current rate of C/10 over 150 cycles.[199] Tts stability is attributed to
the low silicon particle size, good adherence of silicon to graphite and the homogeneous silicon
distribution. KS6 graphite is in addition a well-suited substrate for silicon LPCVD because of

its relatively high specific surface area of about 26 m? - g1 [191]

This chapter addresses silicon depositions from a Hs/SiH4 gas mixture carried out with an
in-house designed LPCVD reactor on carbonaceous powders. The deposition time and pressure
were varied, and their influence on the deposit regarding the silicon content and morphology
was investigated using XRF and SEM. Moreover, various carbonaceous substrates were used to
validate the flexibility of the LPCVD method. Finally, the graphite-silicon nanocomposite was
electrochemically tested for 50 cycles and analysed after electrochemical testing using SEM and

NEXAFS to evaluate its transformation during the cycling.

3.2 Experimental

3.2.1 Carbonaceous substrates

Synthetic graphite (Timrex KS6, Timcal) was used as substrate without further treatment.
Multi-walled carbon nanotubes (MWCNTSs, Shandong Dazhan Nano Materials Co.) were heated
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to 100 °C for 20 h in a large excess of HNO3s (ROTIPURAN > 65 %, p.a., ISO, Carl Roth) to
remove residual traces of catalyst. The MWCNTs were subsequently thoroughly washed with
deionised water and dried at 110 °C overnight. MWCNTs covered with hydrothermal carbon
(MWCNT-HTC) were obtained by adding 2.5 g of MWCNTS5 (catalyst free) to a solution of 6 g
glucose (Alfa Aesar) dissolved in 30 ml deionised water. The suspension was heated for 6 h at
220 °C in a teflon lined steel autoclave (Berghof DAB-2, 50 ml vessel). The resulting powder
was washed with deionised water, dried overnight at 100 °C and thermally annealed in a hot
wall oven (RS 80/500/11, Nabertherm) at 900 °C with a dwell time of 5 h in Ny atmosphere
(heating ramp 10 °C - min~1). Prior to the silicon deposition the resulting nanocomposite was
ground in a planetary micro mill (PULVERISETTE 7, Fritsch) using agate beakers and balls with
additional 2-propanol (> 99.5 %, Roth) for 15 min at 800 rpm. Subsequently, the material was
dried for 18 h at 80 °C and 250 mbars in a vacuum oven (VTR 5022, Heraeus).

3.2.2 Silicon deposition using LPCVD

The silicon depositions were performed using an in-house designed LPCVD reactor setup com-
prised of a gas supply facility (Ng and Ar, purity 99.999 %, Westfalen; Hy (N50)/SiH4 (N40)
mixture, ratio 4:1, Air Liquide), a three zone hot wall oven (HTM Reetz GmbH), and a hor-
izontally placed 1.2 m long by 4.5 cm in diameter quartz tube as the main reaction chamber
(fig. 3.1 a). All gases were dried and filtrated using a dry bed cartridge (MC200, MicroTorr)
and the deposition parameters were controlled via a LabView interface. The depositions were
performed using a rotary feedthrough motion quartz reactor insert (60 cm long by 3.5 cm in
diameter) composed of a 10 ¢m baffled deposition chamber, reaction gas exhaust compartment,
a glass frit, a quick connection holder and a rotary sealing (ALMA-M-KF-012-V-U, Alma)
mounted on a KF40 “T” piece, as shown in figure 3.1 d). A carbon felt (SGL carbon) which
was thermally annealed and covered with silicon prior to the first use, was applied to sta-
bilise the reactor position within the main LPCVD reaction chamber and guide the reactive
gas flow through the rotating deposition chamber (fig. 3.1 ¢). Prior to deposition all gas lines
were purged with Ny at 2 1- min~! for 1 h. The reactor insert was filled with 1 g of graphite
or MWCNT powder (fig. 3.1 b) or 0.6 g of MWCNT /HTC powder, inserted inside the main
LPCVD reaction chamber and rotated at 2 rounds per minute by a controlled electric step
motor. The main LPCVD chamber absolute pressure was set to 1 mbar and the oven heating
zones were simultaneously heated from room temperature to 550 °C with a ramp of 5 °C-min~!
under 10 sccm argon flow. The oven temperature was calibrated using a high temperature type
K thermocouple, resulting in the following correlation: Tgample=(20.80 + Toven - 0.99) (°C)
(SI fig. 8.1). In the following, given temperatures represent the set temperature (7T oven). The
setup was thermally stabilised for 30 min prior to silicon deposition and cooled down to room
temperature under a constant flow of argon. The product was stored inside an argon filled glove
box (mBraun B790, Oy < 1 ppm, Ionic System Trace Oxygen Sensor Tos 3.0). The detailed

list of samples with their associated deposition conditions is given in table 8.1 (SI).
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Figure 3.1: LPCVD reactor: a) picture of the hot wall LPCVD reactor with the rotary insert, b) picture of
the deposition chamber of the rotary insert, ¢) scheme of the reactor and gas flow and d) picture
of the quartz reactor insert connected to the rotary feedthrough sealing.

3.2.3 Powder characterisation

X-ray Fluorescence The XRF instrument used is a wavelength dispersive device S4-Poineer,
derived from Bruker AXS, equipped with a rhodium anode as radiation source. To enable
proper silicon quantification by the K, line (1.7 keV) calibration series of graphite/SiOy and
MWCNT/SiO2 (AEROSIL 300, Degussa) mixtures with known silicon content were measured.
Via the resulting linear correlation [Si] = 0.5133 - I'sik,, the silicon contents were calculated from
the measured Si K, line intensity. All measurements were performed using 20 mg of powder
in a 25 mm diameter beaker, which was enclosed with a 6 pm Mylar foil and measured under

helium atmosphere.

Scanning Electron Microscopy SEM images were acquired on a Hitachi S-4800 microscope
using 1.5 kV accelerating voltage and 3 — 4 mm working distance. The samples were prepared
on a beryllium holder and energy dispersive X-ray (EDX) analysis was performed using a silicon
drift detector (SDD).
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Scanning Transmission Electron Microscopy STEM images were captured using a Hitachi
HD-2700 Cg-corrected dedicated STEM (200 kV, Cold FEG) with Edax Octane T Ultra W
200 mm? SDD (Team-Software) at 700.000-fold magnification.

Nitrogen physisorption Ny physisorption was performed in a Quantochrome AUTOSORB-6
machine after degassing 50 mg KS6 graphite at 225 °C for 2.5 h. The resulting isotherms
were recorded at -196 °C using an AUTOSORB-6B-MP (Quantachrome). Calculation of the
surface area was performed according to the equation of Brunauer, Emmet and Teller (BET

equation).[192l

3.2.4 Anode preparation and electrochemical tests

Anode preparation For the preparation of electrodes, polyacrylic acid (PAA, < 0.5 % benzene,
Sigma-Aldrich) was dispersed in an ethanol (Sigma-Aldrich) : 2-propanol (> 99.5 %, Carl Roth)
(6.25:1) mixture and stirred for 15 h. Then, carbon black (CB) (Super Conductive P, Alfa
Aesar) and the sample were added (PAA : CB : sample = 1 : 1.5 : 10), stirred and treated
in an ultrasonic bath. The prepared slurry was cast as a thin film on a 25 pm thick copper
foil (Cub8, bare, Schlenk) using a 4-sided film applicator (VF2169-013, 60 mm, TQcC), set to a
film thickness of 120 pm, and dried for 15 h at 80 °C in a vacuum oven (VTR 5022, Heraeus).
Hereafter, 10 mm anodes were punched out using a lever press, weighed and stored in an argon
filled glovebox (mBraun B790, Oz < 1 ppm Ionic System Trace Oxygen Sensor To0s 3.0). The
reference slurry with silicon nanoparticles was produced under the same conditions using a

mixture of KS6 and silicon nanopowder (purity > 98 %, Sigma Aldrich).

Electrochemical testing For the two electrode battery system, a modified stainless steel
Swagelok tube fitting was electrically insulated by a one-way 75 pm Kapton foil (Dr. Dietrich
Miiller GmbH). The working electrode and counter electrode (metallic lithium, 10 mm diameter,
1.5 mm thickness, Thermo Fisher GmbH) were sandwiched with two 25 pm thick separators
(C2500, Celgard Inc., USA) in between and wetted with 140 ul of a solution of 1 M LiPFg
dissolved in a mixture of ethylene carbonate : diethyl carbonate 1 : 1 wt.-% (Selectilyte LP40,
Battery grade, BASF) electrolyte. The battery cell was sealed inside the argon filled glovebox
with nylon ferrules (Swagelok) on both sides. Electrochemical measurements were carried out
using an Arbin Instruments BT2000 battery tester applying a constant current — constant
voltage (CC-CV) scheme. The current rate was set to one charge per hour (1C), the CV-
sequence was set to 1 h and the system was cycled in the borders of 2 V and 5 mV for the

respective number of cycles.

3.2.5 Post-mortem analysis

After electrochemical testing the batteries were disassembled inside the argon filled glove box,

with the anodes being in the delithiated state. Then, the anodes were washed successively in
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four flasks filled with 3 ml DEC (> 99 %, anhydrous, Sigma Aldrich) each and prepared for the
respective analysis method (SEM and NEXAFS) on transfer holders which provide an airtight

seal.

Scanning Electron Microscopy SEM images were acquired on a Hitachi S-4800 microscope
using 1.5 kV accelerating voltage and 3 — 4 mm working distance. The anodes were mounted on
conductive carbon tape (Plano) on a transfer holder. Energy dispersive X-ray (EDX) analysis

was performed using a silicon drift detector (SDD).

Near Edge X-ray Absorption Fine Structure Spectroscopy The extended absorption fine
structure spectra (EXAFS) at the Si and P K-edges were recorded in the beamline BL1I6A1 of the
National Synchrotron Radiation Research Centre (NSRRC), Hsinchu (Taiwan). The photons are
sourced from a bending magnet (BM3) with a total flux of 4.8 x 10! photons - s~! (measured at
5 keV). In addition, the beamline is equipped with a double-crystal monochromator (InSh(111))
yielding an energy range from 2 keV up to 8 keV. The beam spot size can be resized down
to 0.5 mm (horizontal) x 0.4 mm (vertical) using a slit-width control. To avoid changes in
the oxidation state by air, the measurements were performed in an inert helium controlled
atmosphere using a specially sealed chamber. The spectra were collected in fluorescence yield
mode between 1.75 keV and 4 keV with a resolved power of 3000 using a gas ionisation chamber

(Lytle) as a detector.

3.3 Results and discussion

3.3.1 Powder characterisation

LPCVD is known to be a very flexible technique enabling depositions of various materials
on all kinds of substrates. To investigate whether this also holds for silicon depositions on
different carbonaceous powders, silicon was deposited by SiHy pyrolysis from a Ho/SiH4 gas
mixture on graphite (G), multi-walled carbon nanotubes (MWCNTs) and MWCNTs treated
with hydrothermal carbon (MWCNT-HTC). To investigate the influence of the substrate and
the deposition parameters, time and pressure, on the silicon loading, the samples were analysed
by XRF. The results are listed in table 3.1. Doubling the deposition time (30 to 60 min) of
silicon on graphite resulted in nearly the double amount of silicon, in particular 2.4 wt.-%
and 5.5 wt.-%. For increasing deposition pressures, namely 1, 5 and 20 mbars, a continuous
decrease of the silicon content in the graphite nanocomposite materials was observed. It has
been reported that increasing deposition pressures result in a decrease in the gas fow 193]
which would be in good agreement with the decreasing silicon content for increasing deposition
pressures. For identical deposition parameters the silicon contents of G-Si, MWCNT-Si and
MWCNT-HTC-Si were found to be similar, with G-Si providing, by a narrow margin, the

highest silicon loading with 5.5 wt.-% silicon after 1 h deposition time.
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Table 3.1: Silicon content (wt.-%) from XRF analysis for de-
positions at 550 °C (standard error 8 %)

sample time  pressure | Silicon
(min)  (mbar) | (wt.-%)
G-Si-30m 30 1 2.35
G-Si 60 1 5.49
G-Si-5 60 5 2.87
G-Si-20 60 20 1.69
MWCNT-Si 60 1 4.62
MWCNT-HTC-Si 60 1 5.01

The morphology of the substrates MWCNTs, MWCNT-HTC and G and the deposited silicon
was investigated using SEM (fig. 3.2). Compared to the pristine MWCNT substrate, depicted in
figure 3.2 a), the MWCNT-HTC substrate is composed of MWCNTSs and spherical hydrothermal
carbon (fig. 3.2 b). The G substrate consists of relatively small platelets below 10 pm in diameter
and various thicknesses (SI fig. 8.2). After the silicon deposition, the formation of discrete silicon
nanodroplets of some few nanometres in size is observed independent of the substrate material
(fig. 3.2 a’-¢’). This observation goes in line with earlier reported experiments on various

carbons. [187,188,190]

500 nm

200 nm R ; 200 nm
| 4 A

Figure 3.2: SEM images of a) MWCNTs, b) MWCNT-HTC and c) G before and a’) MWCNTs-Si, b’) MWCNT-
HTC-Si and ¢’) G-Si after silicon deposition.

STEM combined with the respective silicon elemental map (fig. 3.3) of the MWCNT-HTC-Si
sample confirms that the deposited droplets contain silicon. This validates that the visible

droplets indeed result from SiHy pyrolysis.
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Figure 3.3: a) STEM image of MWCNTs with silicon deposition (sample: MWCNT-HTC-Si) with b) respective
silicon elemental map obtained from EDX.

In accordance with the flexible handling and the time-proven application of graphite in batteries,
it was chosen as the carbonaceous substrate for all following experiments. Compared to other
graphites, the used KS6 graphite exhibits a relatively high specific surface area of 25 m? - g~
which is further useful to maximise the silicon content of the nanocomposites while maintaining

small dimensions of the deposited silicon.

3.3.2 Post-mortem analysis of the anode material after electrochemical
testing

The graphite sample with the highest silicon loading, namely G-Si (5.5(+ 0.4) wt.-% Si), a ref-
erence mixture of graphite with 4 wt.-% silicon nanoparticles (G-SiNP) and a reference graphite
anode were electrochemically aged using a CC-CV protocol at 1C between 2 V and 5 mV. The
anodes were subjected to 50 (dis-)charge cycles and were dismounted in the delithiated state.
The cycling raw data can be found in the SI (fig. 8.3). In figure 3.4 SEM images of tested G-Si
anodes are depicted. The anode in figure 3.4 a) was exposed to electrolyte with applied open
circuit voltage (OCV), b) was (dis-)charged 20 times and c) (dis-)charged 50 times. Already
the exposure of the anode to the electrolyte leads to the generation of tiny droplets of unknown
composition, covering the surface in a netlike structure. The deposited silicon droplets, however,
appear unchanged. After 20 (dis-)charge cycles, the silicon droplets look "molten". However,
it cannot be concluded from SEM analysis whether the shape of the droplets changed or the
changed shape is the result of a solid electrolyte interphase (SEI) coverage. Yet, the TEM anal-
ysis reported by Yao et al.['9 of cycled silicon hollow nanospheres supports the assumption
that the shape of the silicon nanodroplets remains the same, and that they are covered with
SEI. Notably, this coverage connects the silicon nanodroplets with each other. After 50 cycles,
this trend is further enhanced. The presented SEM images in figure 3.4 were captured in silicon
rich regions, where the alteration is more pronounced. SEM images of areas with less silicon
droplets can be seen in SI (fig. 8.4). Comparable results were also obtained for the G-SiNP
reference after 20 cycles (SI fig. 8.5). However, the silicon nanoparticles turned out to be bigger

than stated and were highly agglomerated within the slurry (SI fig. 8.6).
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200 nm

Figure 3.4: SEM images of G-Si anodes after a) OCV b) 20 (dis-)charge cycles and ¢) 50 (dis-)charge cycles.
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Figure 3.5: NEXAFS spectra of a) G-SiNP and b) G-Si anodes after OCV, 1, 3, 7, 10 and 20 cycles with silicon
nanoparticle (Si NP) reference.

To gain further insights on the chemical alteration of the silicon deposit, NEXAFS analysis was
employed on G-SiNP and G-Si anodes subjected to 1, 3, 7, 10 and 20 (dis-)charge cycles. The
cycling raw data can be found in the SI (fig. 8.7 and 8.8). The region of the Si K-edge for
G-Si anodes, G-SiNP anodes and the reference silicon nanoparticles is shown in figure 3.5. In
literature, the Si K-edge of crystalline silicon was reported between 1838 and 1842 eV, while
SiOs exhibits a main feature at 1847 eV.[1951971 Both, the silicon nanoparticle reference and
the G-SiNP anode solely exposed to electrolyte in OCV (0 cycle) show, besides the Si K-edge,
a contribution of the SiOy signal. This indicates that the initial SiOg signal of the anode is
attributed to the air exposure of the material during the anode preparation. The Si K-edge,
however, shrinks over cycling for the G-SiNP battery at the expense of the SiOs signal, until
after 20 cycles the Si K-edge completely vanished (fig. 3.5 a). This observation indicates the

generation of SiOy species during cycling, which is most probably due to electrolyte degradation
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including silicon oxidation and SEI formation. These processes involve the consumption of
charges, which goes in line with the observed smaller coulombic efficiencies of the G-SiNP
battery in the first 10 cycles (SI fig. 8.3). The G-Si anode also shows a contribution of the SiOq
signal, but no Si K-edge before the (dis-)charging starts and remains unchanged for increasing
cycle numbers(fig. 3.5 b). Yet, a XANES spectrum of deposited a-Si:H reported by Mastelaro
et al.['98 is very similar to the depicted reference silicon nanoparticle spectrum. This indicates
that, due to the small droplet size, most of the deposited silicon is oxidised through air contact

during preparation of the anode.

3.4 Conclusion

Employing the in-house designed rotating LPCVD reactor module, nanometer-sized silicon
droplets were deposited on various particulate carbonaceous substrates. The silicon content
was adjustable by variation of deposition time and pressure. A synthesised graphite-silicon
nanocomposite containing around 5 wt.-% deposited silicon was electrochemically cycled and
compared to a graphite/silicon nanoparticle reference. The NEXAFS data illustrated the elec-
trochemical degradation of the silicon nanoparticles upon cycling, while for the LPCVD nano-
composite material neither a Si K-edge nor any changes during cycling were observed, indicating
that the silicon was mostly oxidised prior to cycling. Further work in the following chapters

will therefore focus on samples with higher silicon loading and bigger silicon droplets.
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4 Graphite-silicon nanocomposites for LIB

anodes prepared by methodically varied
LPCVD

Abstract

The sophisticated application of silicon in anode materials for lithium-ion batteries (LIBs) is
widely desired and the publications in this field on specific new materials are innumerable.
However, it is difficult to compare the distinct materials’ performance, since not only the active
material but also various parameters like battery setup, cycling protocol and electrolyte usually
vary. Hence, to investigate the influence of the silicon properties on the electrochemical perfor-
mance of the batteries, this chapter addresses graphite-silicon nanocomposites synthesised by
low pressure chemical vapour deposition (LPCVD) with systematically varied deposition time
(30 — 180 min) and temperature (435 — 550 °C). Additionally, a graphite-silicon nanocomposite
sample was annealed at 800 °C to create an intermediate sample between the LPCVD nano-
composites and the established graphite/silicon nanoparticle mixtures. This annealed silicon
deposit meets the silicon nanoparticles in size and morphology, but is connected to the graphite
surface. By systematic characterisation (TGMS, XRD, Raman, SEM, EDX and TEM) of the
graphite-silicon nanocomposites their silicon contents (7 — 30 wt.-% Si), morphology and crys-
tallinity were evaluated and thus correlated with the deposition parameters. Combined with
electrochemical tests it was revealed that for a stable battery performance the silicon content
should be less than 30 wt.-% and that the crystallinity of the silicon deposit affects especially
the coulombic efficiency of the batteries. The post-mortem analysis of the cycled anodes using
SEM and XPS contributed to a more thorough understanding of the anode ageing processes
by providing information about the morphology and chemical composition of the evolved solid

electrolyte interphase.

4.1 Introduction

Significant efforts have been undertaken to develop silicon-based batteries with superior en-
ergy and power densities. However, such a huge capacity entails correspondingly large volume
changes, namely a 280 % increase when crystalline silicon (c-Si) is lithiated to c-LijsSiy. [11:70]

Together with the intrinsic low electrical conductivity of silicon, these are the main reasons for
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mechanical degradation and lithium-ion (Li-ion) trapping. Both, material degradation and Li-
ion trapping, can be counteracted by the combination of nanostructured silicon with carbon. [199]
Beyond the simple mixing of silicon nanoparticles (Si NPs) and carbonaceous powders, the de-
position of silicon via chemical vapour deposition (CVD) on carbon proved to be a promising
route. One of the main advantages of the CVD process is its flexibility, so that silicon can be
deposited as crystalline or amorphous silicon (a-Si) on all kinds of substrates. Results from
Forney et al. showed that only LPCVD generates a purely a-Si deposition on single-walled
carbon nanotubes (SWCNTs) for various deposition times, while for plasma-enhanced CVD
partial crystallisation occurs.[2% This degree of control is fundamental to deposit precisely
defined silicon, which enables to draw correlations between the battery performance and the

silicon properties like content, morphology and crystallinity.

The silicon content of silicon-carbon nanocomposite materials produced by CVD using SiHy

[186] The silicon content affects three major battery

can be varied with the deposition time.
properties: the gravimetric capacity, the battery cycling stability and the first cycle coulombic
efficiency (CE). An increase in the silicon content for silicon depositions on graphite and SWC-
NTs entails, on the one hand, an increase of the gravimetric capacity and, on the other hand, a
faster capacity decay.'89200 This indicates that there is a balance of the gravimetric capacity
and a stable cycling performance for silicon-carbon composite batteries. Yet, as introduced in
chapter 1.1, a gravimetric capacity of 1000 — 1200 mAh - g~! should be striven for to achieve a
reasonable improvement of the LIB capacity.['92!] While the battery cycling stability decreases
with increasing silicon content, the CE of the very first cycle has been shown to increase with
increasing silicon content. #7200 This is attributed to the formation of a stable solid electrolyte
interphase (SEI) on carbonaceous materials in the first cycle, which is known to entail an irre-
versible loss of charges and simultaneous gas evaluation, leading to low CEs. Both have been
reported to decrease with increasing silicon coverage of carbonaceous substrates which indicates

that the SEI formation on silicon proceeds via a different mechanism.

LPCVD does not ounly allow a precise tuning of the silicon content, but also of the silicon
morphology in the silicon-carbon composite. By variation of the SiHy partial pressure for
silicon deposition on CNTs, either silicon droplets or thin films are formed.[29!) It was reported
that the droplet deposition showed a significantly better cycling performance, which was mainly
attributed to a more free silicon expansion for the silicon droplets compared to the silicon thin
film upon lithiation. Moreover, the droplets were found to be tethered to the CNT surface by
an amorphous carbon layer, which formed between the silicon droplets and the CNT during

[186]

the deposition. Although the deposition temperature was not reported to visibly affect

the deposit morphology, Hatalis et al. showed that upon thermal annealing of a-Si thin films
deposited at various temperatures, lower deposition temperatures lead to bigger c-Si grains. [193]
This was attributed to a decreased nucleation rate for lower deposition temperatures which led

to the increased grain sizes upon annealing.
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Besides the influence of the morphology of the nanostructured silicon on the battery perfor-
mance, the impact of the silicon crystallinity is widely discussed in this research field. The
crystallinity of the silicon deposit usually is controlled by the deposition temperature, with the
transition from a-Si to c-Si deposition being dependent on the substrate. For silicon (LP)CVD
on carbonaceous substrates the most common reported deposition temperature is 500 °C, lead-
ing to amorphous or amorphous and nanocrystalline silicon deposits. [160,184,185,200,201] O]y few
report higher (540 — 650 °C) 187181 o1 lower (450 °C)1202 deposition temperatures. Indeed,
both materials, c-Si and a-Si, are lithiated in a two-phase reaction and show a phase boundary
observable using in-situ TEM. [>467:203] However, ¢-Si undergoes anisotropic lithiation with ir-
regular velocity and the lithium concentration required for the Si-bond breaking is assumed to
be higher. This goes in line with a-Liz 551 being reported as a-LiySi phase for the lithiation of
¢-Si, while a-Lig 551, containing less lithium, being reported for a-Si, before further single phase
lithiation is initiated.[53293] That c-Si and a-Si undergo the first lithiation in diverging ways
is also clearly visible in differential capacity analysis.['%5] The final lithiation product for both
materials, c-Si and a-Si, at room temperature was reported to be c-Lij5Siy. The delithiation
product for both materials is a-Si, which is of bigger volume than regular a-Si. Its subsequent
lithiation follows a one phase reaction, in contrast to the previously observed two phase reaction
of the pristine a-Si.['167] This indicates an essential difference in the microstructure of delithi-
ated a-Si compared to its pristine form. Hence, the assumption arises that for all subsequent
cycles the initially used material is irrelevant, as illustrated in figure 4.1. Nevertheless, it has
been reported for silicon particles that c-Si particles bigger than 150 nm in diameter fractured
during cycling, while a-Si spheres did not fracture even with a diameter of 870 nm. 67761 Con-
sistent with this it has been shown that batteries with anodes based on continuous a-Si films
and a-Si nanowires provide higher capacities and better cycle life than their nanocrystalline

[204,205]

counterparts. Whether this is caused solely by the first cycle is part of ongoing research

on the lithiation processes in silicon-based anode materials.

1st Lithiation
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Figure 4.1: Summary of 1% lithiation and subsequent cycling as suggested by McDowell et al. (671

For the development of new rationally designed silicon-carbon-based anode materials for appli-
cation in LIBs, CVD is often the method of choice, since it combines clean nanostructured silicon
with every desired carbonaceous substrate. However, the comparison of the reported materials

regarding the battery performance is difficult, because the silicon loading, crystallinity and the
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battery setup are often varied at the same time. Hence, this chapter presents a systematic study
on the influence of the silicon content, morphology and crystallinity for an LPCVD synthesised
graphite-silicon nanocomposite on the battery performance. Additionally, informative insights

into the SEI morphology, growth and chemical composition by post-mortem analysis are given.

4.2 Experimental

4.2.1 Sample preparation

The silicon depositions were performed using an in-house designed LPCVD reactor setup com-
prised of a gas supply facility (No and Ar, purity 99.999 %, Westfalen; SiH4, UHP, Air Liquide),
a three zone hot wall oven (HTM Reetz GmbH), and a horizontally placed 1.2 m long by 4.5 cm
in diameter quartz tube as main reaction chamber. All gases were dried and filtrated using a dry
bed cartridge (MC200, MicroTorr). The depositions were performed using a rotary feedthrough
motion quartz reactor insert (60 cm long by 3.5 cm in diameter) composed of a 10 cm baffled
deposition chamber, reaction gas exhaust compartment, a glass frit, a quick connection holder
and a rotary sealing (ALMA-M-KF-012-V-U, Alma) mounted on a KF40 “I” piece. Prior to
deposition all gas lines were purged with Ny at 2 1-min~! for 1 h. The reactor insert was
typically filled with 1.5 g of graphite powder (KS6, Timcal) inserted inside the main reaction
chamber and rotated at 2 rounds per minute. The main chamber absolute pressure was set to
1 mbar and the oven heating zones were simultaneously heated from room temperature to the
silicon deposition temperature with a ramp of 5 °C-min~! under 10 sccm argon flow. The oven
calibration revealed a Tsample=(20.80 + Toven - 0.99) (°C) correlation. In the following, given
temperatures represent the set temperature (T oven). The setup was thermally stabilised for
30 min prior to silicon deposition and cooled down to room temperature under a constant flow
of argon. The depositions were varied in time (30 — 240 min) and temperature (435 — 550 °C)
and were performed with a SiHy flow of 10 scem (list of samples in SI table 8.2). The product
was ground in an agate mortar and stored inside an argon filled glove box (mBraun B790,

O2 < 1 ppm Ionic System Trace Oxygen Sensor T0s 3.0).

4.2.2 Silicon characterisation

Elemental Analysis For silicon quantification, elemental analysis was executed by the analysis
laboratory Kolbe (Hohenweg 17, 45470 Miilheim an der Ruhr, Germany) using a Vario EL

CHNOS-Analyser (Elementar) and photometric silicon determination.

Thermogravimetric analysis — mass spectrometry TG-MS measurements were carried out
using a simultaneous TG-DSC on a Netzsch STA 449C Jupiter thermoanalyzer equipped with an
electromagnetic micro balance (resolution 0.1 pg; relative error of the mass determination 0.5 %)

with top-loading. The sample was placed in an open corundum crucible (85 nul) and placed on
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the sample holder whose temperature change was monitored via Pt/Pt-Rh thermocouples. The
samples were heated in a 100 ml - min~! flow of a gas mixture consisting of 21 % Oz : 79 %
Ar (both 99.999 %, Westfalen) with 10 °C - min~! to 650 °C, then 2 °C - min~! to 1000 °C
and finally with 5 °C-min~! to 1500 °C. The evolved gases were monitored with a quadrupole
mass spectrometer (QMS200 Omnistar, Balzers) coupled to STA via a quartz capillary heated
to 40 °C. The experiments were performed with an electron ionisation energy of 60 eV and a

dwell time per mass of 0.2 s.

X-ray diffraction and Rietveld refinement The X-ray diffraction measurements were per-
formed in Bragg-Brentano geometry (Bruker AXs D8 Advance II) using Ni filtered Cu K,
radiation and a position sensitive energy dispersive LynxEye silicon strip detector. Rietveld
refinement was carried out using the TOPAS software (TOPAS version 5, copyright 1999-2014
Bruker Axs). Finding a reasonable fit model was complicated by the properties of the graphite
support, which exhibits a mixture of 2H and 3R polytypes with anisotropic peak broadening
and strong preferred orientation effects, as well as the deposited only partially crystalline sil-
icon. Thus, a coupled refinement of all sample data was carried out to reduce the number of
freely refined parameters without making the model too inflexible. The anisotropic peak shapes
and the preferred orientation parameters of the 2H and 3R graphite phases within each sample
were restricted to be the same but allowed to vary between different samples. In contrast, the
lattice parameters of each phase were coupled between all sample data. The silicon diffraction
signals were represented by superposition of two silicon "phases", one of them with extreme
peak broadening to approximate the diffuse signal from the a-Si fraction. Due to strong corre-
lations with the background polynomial, the peak width of this phase was restricted to be the

same for all samples. To index the XRD patterns the references listed in table 4.1 were used.

Table 4.1: XRD reference patterns

phase chemical formula  database #
Graphite 2H C PDF 89-7213
Graphite 3R, syn C PDF 26-1079
Silicon, syn Si PDF 27-1402
Cristobalite, syn  SiOq PDF 39-1425

Raman spectroscopy Raman measurements were carried out on a Thermo Fischer Scientific
DXR spectrometer with a 532 nm laser in the measurement range from 100 — 4000 cm ™! applying
an incident light power of 0.5 — 1 mW. For comparison of the Raman spectra the silicon TO-band

was normalised.

Scanning Electron Microscopy SEM images were acquired on a Hitachi S-4800 microscope
using 1.5 kV accelerating voltage and 3 — 4 mm working distance. The samples were prepared
on a beryllium holder and energy dispersive X-ray (EDX) analysis was performed using a silicon
drift detector (SDD).
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Focused Ion Beam For TEM lamella preparation a Helios NanoLab G3 FIB/SEM system
was used. First, ca. 300 nm of platinum were deposited as a protection layer on the surface
of a particle by electron beam induced deposition, then a second layer of ca. 700 nm platinum
was deposited by focused ion beam deposition. Afterwards, the lamella was cut, transferred to
a TEM grid via a micromanipulator and subsequently thinned to less than 100 nm from both
sides by 30 kV ion beam treatment. Finally, the lamella was cleaned by low ion beam voltage

at b keV and 2 keV in sequence to reduce the thickness of the amorphous damage layer.

X-ray Photoelectron Spectroscopy XPS spectra were recorded at room temperature using
non-monochromatised Al K, (1486.6 eV) excitation and a hemispherical analyser (PHOIBOS 150,
Specs). The binding energy scale was calibrated by the standard Au 4f; /2 and Cu 2p3 /5 proce-
dure. The elemental composition was determined using the theoretical cross sections from Yeh

and Lindau. [206]

4.2.3 Anode preparation and electrochemical tests

Anode preparation For the preparation of electrodes, polyacrylic acid (PAA, < 0.5 % benzene,
Sigma-Aldrich) was dispersed in an ethanol (Sigma-Aldrich) : 2-propanol (> 99.5 %, Carl Roth)
(6.25:1) mixture and stirred for 15 h. Then, carbon black (CB) (Super Conductive P, Alfa Aesar)
and the ground sample were added (PAA : CB : sample = 1 : 1.5 : 10), stirred and treated in an
ultrasonic bath. The prepared slurry was cast as a thin film on a 25 pm thick copper foil (Cu58,
bare, Schlenk) using a ZUA 2000 universal applicator (Zehntner) or a 4-sided film applicator
(VF2169-013, 60 mm, TQC), respectively set to a film thickness of 120 pm. Subsequently, the
film was dried for 15 h at 80 °C in a vacuum oven (VTR 5022, Heraeus). Hereafter, anodes
of 10 mm in diameter were punched out using a lever press, weighed and stored in an argon
filled glovebox (mBraun B790, Oz < 1 ppm Ionic System Trace Oxygen Sensor To0s 3.0). The
reference anodes with silicon nanoparticles were produced under the same conditions using a
mixture of KS6 and silicon nanopowder (Hongwu international group Ltd). Solely the carbon
black reference slurry was prepared differently by adding 8.7 mg PAA to 2.9 ml N-Methyl-2-
pyrrolidone (> 99.8 %, Carl Roth) and stirring for 1 h. Subsequently, 100 mg of CB were added,
the mixture was stirred and cast on the copper foil. Then, the film was dried for 15 h at 80 °C

in a vacuum oven (Heraeus Vacutherm, Thermo Scientific).

Electrochemical testing For the two electrode battery system, a modified stainless steel
Swagelok tube fitting was electrically insulated by a one-way 75 pm Kapton foil (Dr. Dietrich
Miiller GmbH). The working electrode and counter electrode (metallic lithium, 10 mm diameter,
Xiamen Tob New Energy Technology Co.) were sandwiched with two 25 pm thick separators
(C2500, Celgard Inc., USA) in between and wetted with 140 pl of a solution of 1 M LiPFg
dissolved in a mixture of ethylene carbonate : diethyl carbonate 1 : 1 wt.-% (Selectilyte LP40,
Battery grade, BASF) electrolyte. The battery cell was sealed with nylon ferrules (Swagelok)

on both sides inside the argon filled glovebox. Electrochemical measurements were carried out
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using an Arbin Instruments BT2000 battery tester or a Biologic MPG-2 battery cycler. The
regular cycling protocol with differential capacity analysis in the 1, 2°4 and 103" cycle is

given in table 4.2 and the C-rate variation protocol without CV-sequences in table 4.3.

Table 4.2: Cycling protocol

cycle current final lithiation =~ CV-sequence final delithia-  CV-sequence
(C-rate) potential (V)  (min) tion potential (min)
(V)
1-2 C/20 0.005 90 2 60
3-102 C 0.005 90 2 60
103 C/20 0.005 90 2 60

Table 4.3: Current rate (C-rate) variation protocol applied between 5 mV and 2 V
cycle 1-10 11 - 20 21 - 30 31 - 40 41 - 50 51 - 60
C-rate C/10 C/5 C 5C 10 C C/10

To calculate the gravimetric capacities of the anode materials the measured capacities were di-
vided by the mass of the active material. Since the weight of the copper foil varies strongly while
the mass of active material varies only slightly due to the casting process, the mass of the active
material could not be accurately determined by weighing of the entire anode. Therefore, except
for occasional cases, the precise investigation of the gravimetric capacity was accomplished as
follows. For new anode materials with unknown gravimetric capacity, the theoretical capacity
was calculated based on 372 mAh - g~! gravimetric capacity for graphite and 3579 mAh - g~}
for silicon. The anode was cycled following the protocol in table 4.2 with the current congruous
with the theoretical 1C C-rate, employing 50 instead of 100 cycles. Afterwards, the anode
was dismounted, washed and the active material was removed by ultrasonification in ethanol.
The left-over copper foil was weighed and the difference to the anode weight prior to cycling,
i.e. the amount of removed material, was set off against the binder and thereby resulted in
the amount of active material including graphite, silicon and carbon black. The gravimetric

discharge capacities of the subsequently cycled anodes were then pinned in the 5"

cycle to
the same gravimetric discharge capacity as the previously dispersed anode. This procedure is
illustrated for CB and graphite in the SI (fig. 8.9). Samples were exempted from this procedure
when they were not used for post-mortem analysis, in this case the weight of the active mate-
rial was directly determined by dissolving the anode material. For evaluation of the capacity
normalised per silicon and averaged over 100 cycles the scattered capacity outliers were linearly
interpolated, before the discharge capacities were added over 100 cycles and normalised for cycle

and wt.-% silicon.
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4.2.4 Post-mortem analysis

After electrochemical testing the batteries were disassembled inside the argon filled glove box,
with the anodes being in the delithiated state. Then, the anodes were washed successively in
four flasks filled with 3 ml DEC (> 99 %, anhydrous, Sigma Aldrich) each and prepared for the
respective analysis method (SEM, FIB and XPS) on transfer holders which provide an airtight

seal.

Scanning Electron Microscopy SEM images were acquired on a Hitachi S-4800 microscope
using 1.5 kV accelerating voltage and 3 — 4 mm working distance. The anodes were mounted on
conductive carbon tape (Plano) on a transfer holder. Energy dispersive X-ray (EDX) analysis

was performed using a silicon drift detector (SDD).

Focused Ion Beam For the preparation a Helios NanoLab G3 FIB/SEM system was used.
First, ca. 500 nm of platinum were deposited as a protection layer on the surface of a cycled
anode by electron beam induced deposition, then a second layer of ca. 1000 nm platinum was
deposited by focused ion beam deposition. Subsequently, a bigger section of the material was

removed by FIB to have a view on the cross-section of the cycled anode.

X-ray Photoelectron Spectroscopy XPS spectra were recorded at room temperature using
non-monochromatised Al K, (1486.6 eV) excitation and a hemispherical analyser (PHOIBOS 150,
Specs). The binding energy scale was calibrated by the standard Au 4f;/, and Cu 2ps/ proce-
dure. The elemental composition was determined using the theoretical cross sections from Yeh
and Lindau. [206]

4.3 Results and discussion

4.3.1 Characterisation of the graphite-silicon nanocomposite

The proper quantification of the silicon content of the graphite-silicon nanocomposites is of
significant relevance to grade the samples reliably. Therefore, the silicon loading was evaluated
by two distinct methods: thermogravimetry coupled with mass spectrometry (TG-MS) and
elemental analysis (EA). For all samples, TG-MS showed a mass loss at around 650 — 675 °C
with a corresponding COs signal (ST fig. 8.10 and 8.11), caused by the burning of the graphite
substrate. The samples reach the mass minimum at around 760 — 815 °C followed by a subse-
quent increase. This increase can be attributed to the oxidation of the deposited silicon to SiOs.
This assumption was supported by XRD and SEM/EDX analysis of the TG-MS exit sample of
G-550C-22% Si, which showed no significant carbon signal and clear reflections of cristobalite
(SI fig. 8.12). Assuming that all silicon is oxidised and with disregard of the initial oxidation
layer on the silicon surface, the silicon content can be estimated by m(%)g; = % - Msi,

Msio,
with m(%)rq being the final mass evaluated by TG-MS and Mg; and Mg;o, being the molar
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masses of silicon and SiO», respectively. The resulting silicon contents are compared to the
results from EA in figure 4.2 a) and the values are listed in table 8.2 in SI. The silicon content
of the nanocomposites increases proportionally with the deposition time and is independent of
the deposition temperature between 485 °C and 550 °C. For example, depositions at 550 °C for
30, 60, 120 and 180 min lead to a silicon content of 8, 13, 22 and 30 wt.-%, respectively. In good
agreement with this, depositions at 485 °C for 60, 120 and 180 min result in a silicon content
of 11, 22 (or 19) and 30 wt.-%. For temperatures below 485 °C the deposition rate decreases
significantly and also the linear correlation between deposition time and silicon content deviates
strongly, such that depositions at 450 °C for 120, 180 and 240 min gave 18, 27 and 30 wt.-%
silicon content. As can be seen from the comparison of the masses derived from TG-MS and EA
(fig. 4.2 b), both methods are in good agreement up to 20 wt.-% silicon content. On average,
the TG-MS method gives slightly higher silicon contents, however, only in a significant scale
for higher silicon contents exceeding 27 wt.-%. This is probably due to two effects, firstly, the
aforementioned initial silicon oxidation layer and secondly, insufficient graphite burning. The
silicon content is also integrated in the sample name, for example silicon deposited at 550 °C
for 1 h, resulting in 14.6 wt.-% silicon determined by TG-MS analysis and 12.7 wt.-% silicon
determined by EA is named G-550C-13% Si.
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Figure 4.2: Graph of a) silicon content according to TG-MS and EA analysis for respective samples; b) silicon
content according to TG-MS as a function of the silicon content according to EA.

For the following evaluations the samples are divided into four series, namely silicon depositions
A: at 550 °C for 30 — 180 min resulting, in 8 — 30 wt.-% silicon, B: at 485 °C for 60 — 180 min,
resulting in 11 — 30 wt.-% silicon, C: between 435 — 550 °C, resulting in ~13 wt.-% silicon
and D: between 450 — 550 °C, resulting in ~21 wt.-% silicon (table 4.4). Series B contains a
replica, namely G-485C-19% Si, which was synthesised using identical deposition parameters
as for G-485C-22% Si, to evaluate the reproducibility of the method. The series C and D in

addition contain reference samples consisting of mixtures of graphite and silicon nanoparticles
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(Si NPs) with 13 and 20 wt.-% silicon, respectively. To investigate the impact of the anchoring
of the deposited silicon on the graphite surface, a "bridging" sample synthesised by LPCVD but
more similar to the Si NPs in regard to morphology and crystallinity is also introduced here.
The silicon was deposited at 485 °C for two hours and was subsequently annealed at 800 °C
(G-800C*-21% Si).

Table 4.4: Sample series

series ‘ characteristic H series ‘ characteristic

A t = 30 — 180 min at 550 °C 8 — 30 wt.-% Si C T = 435 — 550 °C ~13 wt.-% Si
B t = 60 — 180 min at 485 °C 11 — 30 wt.-% Si D T = 450 — 550 °C ~21 wt.-% Si

To evaluate the crystallinity of the deposited silicon, X-ray diffractometry was carried out for
the deposition series A — D. In fig. 4.3 a) the XRD patterns for samples with silicon deposited
at 550 °C for 30, 60, 120 and 180 min are shown (series A). All diffractograms reveal crystalline
silicon reflections, which increase with increasing deposition time. Rietveld refinement indicates
that the average crystallite size for all four samples is similar and that the ratio of crystalline to
amorphous silicon is solely significantly increased for the G-550C-30% Si sample (SI fig. 8.13).
Hence, the continuous increase of the silicon reflection intensities mainly reflects the increasing
total silicon content. For depositions at 485 °C for 60, 120 and 180 min (series B), illustrated in
fig. 4.3 b), independent of the deposition time all samples are XRD amorphous, only showing
a slight shoulder at the angle where the Si 111 reflection would appear.

a) G-550C-08% Si Graphite 2H
~——— G-550C-13% Si Graphite 3R (syn),
—— G-550C-22% Si Si (syn)

G-550C-30% Si

Intensity (a.u)

—— G-485C-11% Si
G-485C-19% Si
—— G-485C-22% Si
G-485C-30% Si

004/006

111

Intensity (a.u)

20 25 30 35 40 45 50 55 60
Diffraction angle 26(°)

Figure 4.3: Powder XRD patterns of sample series a) A and b) B.
In agreement with this observation, the diffraction patterns in the figures 4.4 a) and b) for the

varied temperature series C and D depict XRD amorphous patterns for all samples with silicon
deposited below 510 °C for both 13 and 21 wt.-% silicon loading. Additionally, the diffraction
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pattern of a graphite/Si NP mixture with 21 wt.-% Si NPs is shown in figure 4.4 b). Compared
to the samples with the highest deposition temperature, namely 550 °C, the graphite/Si NP
mixture shows significantly more distinct silicon reflections. However, to evaluate whether the
direct connection of the silicon to the graphite substrate affects the battery performance, all
other properties, such as crystallinity, should be as similar as possible. The annealed sample
(G-800C*-21% Si) meets this requirement. Its diffraction pattern is very similar to the one
of the graphite/Si NP mixture. From the Rietveld refinement of the crystalline samples of
series D it turns out that by increasing the deposition temperature from 510 °C to 550 °C the
average crystallite domain size remains constant, while the crystalline volume fraction increases
significantly. For the annealed sample (G-800C*-21% Si) both the evaluated silicon domain
size and the crystalline volume fraction increased substantially, which indicates a significant

increase of the average silicon crystallite domain size.
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Figure 4.4: Powder XRD patterns of sample series a) C and b) D with additional G-800C*-21% Si and G/Si NP
mixture (G-SiNP-21% Si).

Additionally, Raman analysis was carried out for the sample series A and D to verify the silicon
crystallinity inferred from XRD analysis. In fig. 4.5 a) the Raman spectra of silicon depositions
at 550 °C (series A) for 30, 60, 120 and 180 min is depicted. Comparable to the results from
XRD analysis, an increase in the silicon crystallinity with increasing deposition time can also
be deduced from the Raman spectra. This is indicated by a reduction of the TA, LA and LO
bands with increasing deposition time. These bands are characteristic for a-Si.[207:208] The TO
band can be deconvoluted into three Gaussian components, namely the a-Si contribution (460-
490 cm~1), the intermediate component from grain boundaries (500 cm~!) and the TO mode of
silicon crystal grains of different sizes (512-520 cm~1).[207:209.210] With increasing silicon content,
caused by longer deposition time, the TO band sharpens indicating that the amorphous and

intermediate contributions decrease. In fig. 4.5 b) the Raman spectra of series D are depicted.
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All samples exhibit a silicon content around 21 wt.-% while the applied deposition temperature
varies from 450 — 550 °C. Also, the spectra of the annealed sample (G-800C*-21% Si) and the
Si NPs are shown. At deposition temperatures below 510 °C only bands of a-Si (TA, LA, LO)
appear, while at 510 °C the crystalline fraction of the TO band starts to form at 515 cm™!. For
550 °C deposition temperature the contributions of a-Si decrease further, while the TO band
becomes sharper and more pronounced. The Raman spectra of the annealed sample (G-800C?-
21% Si) and the Si NPs are very similar. Both exhibit no a-Si bands, but a clear sharp TO band,
indicating the existence of pure c-Si, and additional bands around 305 and 942 cm~'. These
are attributed to the multiphonon 2TA and 2T0 Raman bands of ¢-Si.[2117213] In conclusion,
the trends derived from XRD analysis go well in line with the results from Raman spectroscopy.
For increasing deposition times at 550 °C, the measurable crystallinity of the silicon increases
with the silicon content. Moreover, at deposition temperatures below 510 °C only a-Si and for
higher temperatures a mixture of ¢-Si and a-Si is deposited. A crystallinity similar to the one

of the Si NPs was only achieved by thermal annealing of the silicon deposit.
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Figure 4.5: Raman spectra normalized to TO-band of sample series a) A and b) D with additional spectra of
G-800C*-21% Si and Si NPs. For full range spectra see SI (fig. 8.14).

The SEM images in figure 4.6 depict graphite flakes (fig. 4.6 a) with silicon deposited at 435 —
550 °C leading to silicon contents from 8 — 30 wt.-% (fig. 4.6 b-k). It is notable that the
silicon deposited on the graphite basal planes forms nanodroplets, while the silicon deposited
on the graphite edges looks denser and therefore film-like (fig. 4.6 ¢, d and h). For the samples
deposited at 550 °C with 8, 13, 22 and 30 wt.-% silicon content (series A, fig. 4.6 g-k) the
captured images illustrate that the graphite surface is increasingly covered with silicon droplets
with increasing silicon content. When a silicon content of 30 wt.-% is reached, continuous

layers of silicon droplets are observed for deposition temperatures of 550 and 485 °C (fig. 4.6 f
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and k). In general, no difference for varied silicon deposition temperature is perceptible using
SEM analysis. However, sintering of the silicon droplets is found for the annealed sample (G-
800C*-21% Si, fig. 4.6 1). This sample exhibits both very small and big silicon droplets, with
the latter ones being in the dimension of the reference Si NPs (fig. 4.6 m). This observation
goes in line with the observed similarities of the annealed sample and the Si NPs regarding the
silicon crystallinity in Raman and XRD analysis. Further SEM images at lower magnification
are given in the SI (fig. 8.15).

500 nm

500.nm

500 nm

500 nm

Figure 4.6: SEM images of a) G, b) G-435C-14% Si, c) G-450C-18% Si, d) G-485C-19% Si, e) G-485C-22% Si,
f) G-485C-30% Si, g) G-550C-08% Si, h) G-550C-13% Si, i) G-550C-22% Si, k) G-550C-30% Si,
1) G-800C?-21% Si and m) Si NPs.

To gain a better insight into the graphite-silicon interface, a TEM cross section of the sample
G-485C-22% Si was prepared using FIB technique. TEM images of the cross section (fig. 4.7)
reveal a layered structure of graphite with an a-Si coverage of about 20 nm thickness. Again,

the silicon deposit exhibits the shape of partially connected droplets on the basal planes of the
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graphite, while on the edges and kinks the silicon forms a continuous layer. This agrees well with
the results from SEM analysis. The STEM image (fig. 4.8 a) exposes that the silicon droplets
are definite from the graphitic substrate. This is supported by single element maps of C and Si
(fig. 4.8 ¢ and d) revealing the elemental distribution. Moreover, the oxygen map indicates an

oxidation layer on the silicon droplets, which is caused by air exposure of the sample (fig. 4.8 e).

60 nm 60 nm 60 nm
| =]

Figure 4.8: a) HRTEM image, b) HAADF image and STEM-EDX single element maps for ¢) carbon, d) silicon
and e) oxygen of the G-485C-22% Si cross section.

Altogether silicon was effectively deposited on graphite flakes with the silicon crystallinity and
content being reproducibly controlled by the deposition time and temperature. The silicon was
deposited in droplets on the graphite basal planes, layer-like on the graphite edges and covered

by a thin oxidation layer due to air exposure.
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4.3.2 Electrochemical investigation of the anode materials

All anode materials were cycled with the "cycling protocol" and the "C-rate variation protocol"
as described in the experimental section. Since all anodes contain graphite as deposition sub-
strate and CB added in the slurry, pure CB anodes and reference graphite anodes were cycled
as references. From the cycling data (SI fig. 8.9), a gravimetric capacity of 254 mAh - g=! is
calculated for CB, resulting in 346 mAh - g~ for the graphite reference material including CB.
The evaluated capacity of the graphite reference material is close to the theoretical gravimetric

capacity of graphite of 372 mAh - g—1.[153]

Influence of the deposition time and temperature on the battery performance

during cycling

Graphite without (G) and with silicon deposition at 550 °C for 30 min (G-550C-08% Si), 60 min
(G-550C-13% Si), 120 min (G-550C-22% Si) and 180 min (G-550C-30% Si) were cycled to
determine the influence of the silicon deposition time on the battery performance. The resulting
gravimetric discharge capacities and coulombic efficiencies (CEs) of the batteries and their
replica are shown in figure 4.9. The reference graphite sample cycles steadily at a gravimetric
discharge capacity of 346 mAh - g~!'. With increasing silicon content the gravimetric capacity
is increased in the first cycles, however, with increasing cycle number the capacity decays
for the silicon containing samples, so that finally after 100 cycles nearly all samples meet the
gravimetric capacity of the graphite reference. Moreover, the 22 and 30 wt.-% silicon containing
samples show additional outliers in the gravimetric capacity, which exceed the actual gravimetric
capacity of the material significantly. These outliers are caused either by a continuous current
flow in the delithiation constant voltage protocol sequence (at 2 V) or by the failure to reach
the 2 V border within the constant current protocol sequence. As a consequence, the current
then is applied until a safety cutoff is initiated after 2 — 3 hours. It can be seen from the
replica that these outliers are not reproducible and do not have a significant influence on the
overall cycling performance of the battery. Another interesting feature of the batteries is the

2nd cycle. The 103 cycle is, just like

capacity change in the 103" cycle compared to the 10
the 15¢ and 2" cycle, run at a lower current rate (C-rate), namely C/20 instead of 1C. The
capacity is higher in the 103" cycle than in the 102"9, while the first two cycles do not show
an increased capacity compared to the 34 cycle. This could have two reasons. On the one
hand, the applied C-rate is constant over cycling and determined for the initial capacity of the
battery. With continuous capacity loss the amount of active material decreases, which leads to
real C-rates of up to ~2C for the higher cycle numbers, which could be too fast for appropriate
(dis-)charging. On the other hand, the kinetics of the active material lithiation might change
over cycling, such that thorough lithiation can only occur when charging more slowly. Moreover,
it is noteworthy that the graphite reference battery exhibits lower CE values in the first cycles.

With increasing silicon loading the samples show not only over-all lower CE values but also a
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different distribution over the cycle number accumulating to a significant CE minimum from

cycle 20 — 30 for G-550C-30% Si.
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Figure 4.9: Gravimetric discharge capacity and CE as a function of the cycle number for batteries containing
anodes obtained from silicon deposited at 550 °C for 30 — 180 min (series A).

In order to facilitate the comparison of these samples, seven performance metrics, listed in
table 4.5, were chosen to represent the battery performance in radar plots. By comparing the
3rd 5204 and 10274 cycle gravimetric discharge capacity the capacity fade can be evaluated more
precisely. These axes illustrate how much capacity is provided by the battery in the beginning
and how much is lost after 50 and 100 cycles. Matching the 102°¢ and 103'¢ cycle gravimetric
discharge capacity indicates how strongly the battery capacity depends on the applied C-rate
after the electrochemical testing. The capacity retention (CR) is the ratio of the final to the
initial capacity and therefore is a direct indication for how much capacity is lost over cycling.
The 1% cycle CE gives the amount of charges lost in the very first cycle at C/20 and therefore
reveals differences in the reaction of the fresh anode material with the electrolyte. The standard
deviation of the CE (ocg) was derived from the CE generated at 1C, excluding all CE outliers
above 120 %. It illustrates the steadiness of the CE over cycling. Higher ocg values are an

indication for either outliers in the CE or occurring local decays in the CE.

The radar plot resume for figure 4.9 is given in figure 4.10. Comparing initial, intermediate and
final discharge capacity reveals that the capacity decay is stronger exhibited in the first half of
the cycling than in the second half. Moreover, the 103" cycle discharge capacity shows that
after the cycling test the batteries with higher silicon content still provide higher capacities,
but significantly less pronounced. The capacity re-increase in the 103'4 cycle indicates that the
losses in the final capacity are not exclusively caused by irreversible material degradation, but

also kinetic hindrance of the (de-)lithiation process.
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Table 4.5: Overview over radar plot axes

axis

information

3'4 cycle gravimetric discharge capacity

initial gravimetric discharge capacity at 1C

52" cycle gravimetric discharge capacity

intermediate gravimetric discharge capacity at
1C

102" cycle gravimetric discharge capacity

final gravimetric discharge capacity at 1C

103*4 cycle gravimetric discharge capacity (C/20)

influence of the C-rate on the capacity after the
cycling test

capacity retention (CR)

ratio of discharge capacity in 102"¢ to 3'¢ cycle

1%t ¢cycle CE

loss of charges in the very first cycle at C/20

OCE

illustrates steadiness of CE at 1C

Initial discharge capacity (mAh-g™) (3" cycle)
1400

Intermediate discharge capacity

Gep (%)
° 1400 (mAng") (2™ cycle)
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3.0 " 1000 e G
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Figure 4.10: Radar plots of the performance of batteries containing anodes from silicon deposited at 550 °C
for 30, 60, 120 and 180 min, leading to 8, 13, 22 and 30 wt.-% silicon content (series A).

The proportionality to the silicon content suggests that silicon is involved in these processes.
Despite the fact that the capacity of the G-550C-30% Si battery maintained highest over the
whole cycling, the capacity retention (CR) reveals that its capacity decay is comparatively high.
The G-550C-08% Si and G-550C-13% Si batteries provide significantly higher CRs, however,
they are still significantly lower than the graphite reference battery CR. The 15 cycle CE
increases with increasing silicon loading, which goes well in line with graphite being known

to have a very low 1% cycle CE due to SEI formation [147:200]

Hence, this correlation can
be attributed to the fact that with increasing silicon content also the coverage of the graphite

surface with silicon is increased, as depicted by the SEM images (fig. 4.6). The increased 15¢ cycle
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CE represents the reduced SEI formation due to the smaller graphite-electrolyte interface. On
the contrary, the standard deviation of the CE (ocg) was larger for higher silicon loadings,
caused firstly by an increased incidence of outliers and secondly by a stronger pronounced CE

minimum.

The electrochemical evaluation for the series deposited at 485 °C (series B) for 60 min (G-
485C-11% Si), 120 min (G-485C-19% Si and G-485C-22% Si) and 180 min (G-485C-30% Si) is
depicted in figure 4.11. The cycling raw data can be found in the SI (fig. 8.16 a). The sample
G-485C-19% Si is a reproduction of G-485C-22% Si, meaning they were synthesised using the
same deposition parameters to verify the reproducibility of the method. Except for the differing
silicon content of 3 wt.-%), which entails a corresponding difference in the gravimetric capacity,
the respective batteries perform similarly. In comparison to series A the series B shows similar
trends. Specifically, the initial gravimetric discharge capacity increases proportionally with the
silicon content, the capacity decay is more pronounced in the first than in the second half of the
cycling, the 103' cycle discharge capacity increases with the silicon content, the CR is higher

and the 1% cycle CE and ocg are lower for lower silicon contents.
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Figure 4.11: Radar plots of the performance of batteries containing anodes from silicon deposited at 485 °C for
60, 120 and 180 min, leading to 11, 19, 22 and 30 wt.-% silicon content (series B). The 1°* cycle
CE for G-485C-22% Si was taken from a replica battery.

The radar plots in figure 4.12 depict the electrochemical performance of series C, which includes
batteries containing anodes obtained from silicon depositions at 435 (G-435C-14% Si), 485 (G-
485C-11% Si) and 550 °C (G-550C-13% Si), resulting in ~13 wt.-% silicon content. Additionally,
reference anodes from a mixture of graphite and Si NPs (G-SiNP-13% Si) were evaluated. The
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cycling raw data can be found in the SI (fig. 8.16 b). The initial discharge capacities are similar,
solely the G-485C-11% Si battery provides a slightly lower capacity, which can be attributed
to the lower silicon content. As observed for the series A and B, the capacity decay is stronger
for the first half of the cycling than the second half. The final discharge capacity is highest
for the G-SiNP-13% Si and G-485C-11% Si batteries, which is also visible in the higher CRs.
The similar CRs for the G-485C-11% Si and the G-SiNP-13% Si batteries implies that the
superior final discharge capacity of the G-SiNP-13% Si battery is rather caused by the higher
silicon content, than by a superior stability. The differences in the final capacity are small
and further decreased when the C-rate is reduced to C/20 in the 103' cycle. This indicates
that the differences in the final capacity are not exclusively caused by irreversible material
degradation, but also kinetic hindrance of the (de-)lithiation process. The measured 15 cycle
CE is in good agreement with the previously observed trend of increasing 1 cycle CE values for
higher graphite surface coverage. The batteries containing materials with higher silicon loadings
provide a higher 15 cycle CE, while the G-SiNP-13% Si battery provides a lower 15t cycle CE
compared to the G-550C-13% Si battery containing the CVD anode with similar silicon content.
This can be attributed to the fact that the graphite surface is not continuously covered by the
Si NPs to the same extent as it is by the deposit. The high ocg of the G-345C-14% Si battery
is caused by unsteady cycling as can be seen from the raw data. Regarding the other samples

the ocg increases with increasing silicon content and crystallinity.
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G-550C-13% Si
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Figure 4.12: Radar plots of the performance of batteries containing anodes from silicon deposited at 435 °C,
485 °C and 550 °C, resulting in ~13 wt.-% silicon content (series C) and additionally a
graphite/Si NP mixture with 13 wt-% silicon.
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The radar plots (fig. 4.13) of series D reveal clearer trends. The figure includes batteries
containing anodes with a silicon content of ~21 wt.-% deposited at 450 (G-450C-18% Si),
485 (G-485C-22% Si), 510 (G-510C-22% Si) and 550 °C (G-550C-22% Si). Moreover, also a
reference anode produced from a mixture of graphite and 20 wt.-% Si NPs (G-SiNP-20% Si)
and the annealed sample (G-800C*-21% Si) anode are included in this radar plot resume. The
respective raw data is depicted in the SI (fig. 8.17). In contrast to series C, in this series
the initial gravimetric capacity decreases with increasing silicon crystallinity. Sole exception
is the G-450C-18% Si battery, providing the lowest initial capacity. However, this can be
attributed to the significantly lower silicon content. The G-485C-22% Si battery provides the
highest intermediate, final and 103" discharge capacity. Despite the minor differences between
the individual batteries, batteries containing anodes with crystalline silicon tend to perform
poorer. The same applies to the CR. For this series, too, the capacity re-increases and differences
between the batteries nearly vanish when the C-rate is decreased to C/20 in the 103" cycle. As
observed for series C, the battery containing the Si NP anode provides, with a slight distance,
the lowest 15t cycle CE, while for the other batteries the differences are small and the order does
not follow are clear trend. The ocg shows high values for the Si NP sample and the annealed
sample due to a substantial and reproducible CE loss in the first 20 — 40 cycles visible in the
raw data. This loss is presumably dependent on the crystallinity and particle size, which were
shown to be similar for these two samples using XRD, Raman and SEM. In contrast, the high
ocg for the G-550C-22% Si battery is caused by unsteady cycling as can be deduced from the

raw data.

To give an overview of how much current the samples could accumulate over 100 cycles, the
discharge capacities were added over 100 cycles and normalised for cycle and wt.-% silicon.
Taking into consideration that the capacity outliers do not affect the overall cycling performance
of the batteries, they were linearly interpolated. The results are listed in the SI (table 8.3).
The resulting contour plot (fig. 4.14) illustrates how much capacity was provided per silicon
averaged over 100 cycles subject to the silicon content and the deposition temperature, with
darker regions marking high and brighter regions indicating lower capacities. Maxima of the
capacity are revealed for the samples with amorphous silicon deposited at 485 °C. The batteries
G-485C-11% Si and G-485C-22% Si provide 1616 and 1536 mAh - gs_il, respectively. Minima of
the capacity are found for batteries containing crystalline silicon deposited at 550 °C or annealed
silicon. More precisely the batteries G-550C-08% Si and G-550C-22% Si, and G-800C*-21% Si
provided only 1198, 1147 and 1112 mAh - ggil, respectively.
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Figure 4.13: Radar plots of the performance of batteries containing anodes from silicon deposited at 450 °C,
485 °C, 510 °C and 550 °C, resulting in ~21 wt.-% silicon content (series D) with additional the
sample annealed at 800 °C and a graphite/Si NP mixture with 20 wt-% silicon. The 1°° cycle CE
for G-485C-22% Si was taken from a replica battery.
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Figure 4.14: Contour plot illustrating the gravimetric discharge capacity per silicon and cycle as a function
of the silicon loading and the deposition temperature (dots = data points; dark areas indicate
higher capacities, bright areas lower capacities).
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Characterisation of electrochemical processes using differential capacity analysis

To distinguish between peaks of electrochemical processes caused by graphite, CB and silicon,
the differential capacity plots (DCP) of graphite and CB for the 2", 534 and 103" cycle
were evaluated (SI fig. 8.18). The broad peaks measured for the CB anode battery are small
compared to the ones of the graphite reference and therefore they are not observable in the
graphite reference DCP, although the anode also contains CB. In agreement with the stable
electrochemical performance, the DCP peaks related to electrochemical processes of graphite
in LIBs look similar in the 15¢, 27, 534 and 103" cycle.

In the former section it was shown that the capacities of the batteries decay over cycling. To
clarify the reasons for this decay, the DCPs in the 2", 53" and 103 cycle of batteries con-
taining G-550C-22% Si anodes are compared in figure 4.15. Additionally, the DCP of graphite
is plotted to distinguish the processes caused by graphite. The graphitic peaks observed in the
20d cycle of the G-550C-22% Si battery maintain their intensity during the cycling. The addi-
tional reduction peaks at 290, 240, 90 and 40 mV and oxidation peaks at 300, 430 and 490 mV
decay (fig. 4.15 a). The broad double-peak between 240 — 290 mV and the peak at 90 mV
observed in the 2" cycle lithiation correspond to the broad oxidation peaks around 300 and
490 mV. They are attributed to (de-)lithiation between a-Si and a-Li,Si.[?7-157:158] The distinct
oxidation peak at 430 mV (fig. 4.15 b) is attributed to the delithiation of ¢-Lij5Sis and relates
to the reduction peak at 40 mV.[#758:160,161] Consistent with literature (53157162 these peaks
decrease significantly with cycling, so that in the 52" cycle they were not detectable anymore,
while the broad peaks attributed to processes caused by amorphous compounds remained more
constant. However, the latter peaks also continuously shrink, so that in the 103™ cycle mainly
graphite (de-)lithiation processes are observable in the DCPs. This is in good agreement with

the observed gravimetric capacity being close to the one of the graphite reference.
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Figure 4.15: Differential capacity plots of G-550C-22% Si batteries at 2™¢, 53™ and 103™ cycle for a) lithiation
and b) delithiation.
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In figure 4.16 the DCPs for the 2° and 103" cycle of batteries cycled with anodes obtained
from silicon deposition at 550 °C for 30 min (G-550C-08% Si), 60 min (G-550C-13% Si), 120 min
(G-550C-22% Si) and 180 min (G-550C-30% Si) (series A) are shown. The broad double-peak
between 240 — 290 mV, and peaks around 86 mV and 40 mV are clearly visible in the 274

lithiation (fig. 4.16 a). These peaks are characteristic for the lithiation of silicon and were

observed to increase with increasing silicon content, which also is consistent with the increased

gravimetric capacity. However, in the 103" cycle only the characteristic graphite (de-)lithiation

peaks are visible, which goes in line with the gravimetric capacity of the sample being close to

the one of the graphite reference.
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Figure 4.16: Differential capacity plots of batteries containing anodes from silicon deposited at 550 °C for
30 — 180 min (series A): a) 2°¢ lithiation, b) 103" lithiation, c) 2" delithiation and d) 103"

delithiation.
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A similar trend can be observed for the delithiation peaks at 300, 430 and 490 mV (fig. 4.16 ¢
and d). Yet, the broad delithiation peaks of a-Li,Si at 300 and 490 mV are still visible after
100 cycles for the G-550C-22% Si and G-550C-30% Si batteries. This suggests that some silicon
is still (de-)lithiated. Similar trends were observed for DCPs of batteries cycled with anodes
obtained from silicon deposition at 485 °C for 60 — 180 min (series B), which are depicted in
the SI (fig. 8.20).

Several reports on the 15 cycle DCPs of ¢-Si and a-Si state irreversible significant peaks upon
lithiation around 0.1 V and 0.2 V for ¢-Si and a-Si, respectively.[79:157:159,165] Thege peaks
are attributed to two-phase lithiation processes and do not occur for all subsequent cycles.
Figures 4.17 a) and b) show the 15 cycle lithiation DCPs for batteries containing anodes
obtained from silicon depositions between 450 — 550 °C, resulting in around 21 wt.-% silicon
content (series D). It was concluded from XRD and Raman analysis that samples deposited at
temperatures below 510 °C consist of a-Si, while for deposition temperatures at or above 510 °C
also polycrystalline silicon is formed. In agreement with this, the DCPs of the G-450C-18% Si
and G-485C-22% Si batteries show a strong lithiation peak around 0.2 V, while the DCPs of
the G-800C*-21% Si and G-SiNP-20% Si batteries, containing highly crystalline silicon, exhibit
a sharp lithiation peak around 0.1 V. The DCPs of batteries with anodes of minor crystallinity,
namely G-510C-22% Si and G-550C-22% Si, however, do not show a strongly distinct lithiation
peak. For the delithiation the DCPs look similar, except for the ones of batteries containing
highly crystalline silicon (G-800C*-21% Si, G-SiNP-20% Si) (fig. 4.17 c¢) and d). For these
two, a significantly smaller peak around 0.45 V is observed. This indicates that either less
c-Lij5Siy is formed in the first lithiation, or less of the c-Lij5Sis is delithiated. This trend is
also maintained in the second cycle (SI fig. 8.19). These observations imply that, in comparison
to the c-Si, the a-Si is accessible for lithium to a larger extent from the beginning on. This
could be an explanation for the observed lower initial capacity of the G-800C*-21% Si and
G-SiNP-20% Si batteries. Similar trends are observed for the DCPs of series C, comprised of
batteries containing anodes obtained from silicon deposited at 435 — 550 °C and an average
silicon content of 13 wt.-% (see SI fig. 8.21).
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Figure 4.17: Differential capacity plots of batteries containing anodes with ~21 wt.-% silicon (series D) in
the 1°° cycle, a) lithiation of silicon deposited at 450, 485 and 510 °C, c) respective delithiation,
b) lithiation of silicon deposited at 550 °C, annealed sample at 800 °C and graphite/Si NP mixture
and d) respective delithiation.

C-rate capability test

To gain an impression of the (de-)lithiation kinetics, the batteries were subjected to a C-rate
capability test. This test reveals how much of the initial capacity achieved at low C-rates can,
firstly, be maintained under faster C-rates and, secondly, be re-obtained after the stress test.
For proper comparison, the results of the C-rate capability test on batteries containing graphite
and CB reference anodes are shown in SI (fig. 8.22 a). Figure 4.18 depicts the results of the
C-rate capability test for the batteries series A and B (series A: silicon deposition at 550 °C
for 30 — 180 min; series B: silicon deposition at 485 °C for 60 — 180 min). Most of the samples

exhibit a comparable performance. Only samples with 30 wt.-% silicon show a faster capacity
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decay for higher C-rates and an extensive capacity loss after the stress test. This might be
attributed to the morphology. The silicon is deposited in droplet shape on the graphite surface,
however, for the 30 wt.-% silicon samples the droplets are so densely packed, that they locally
form films. These films could be more stress-sensitive, hence fracture during the stress test.
Also, the electrolyte with the charge carriers may have significantly less contact to the graphite
leading to the reaction kinetics being slowed down by the low conductivity of the silicon, which
is assumed to lead to less lithiation and further irreversible lithium trapping within the silicon.
Whether the samples initially contained c-Si or a-Si does not affect the performance. The C-rate
capability tests for the series C and D are given in the SI (fig. 8.22 b) and ¢). Again, all batteries
containing anodes obtained from silicon deposition exhibit a similar performance. Remarkably,
for the Si NP containing batteries, a little less of the initial capacity can be re-obtained after

the stress test. This might be attributed to the missing silicon-carbon connection.
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Figure 4.18: Capacity retention relative to first discharge as a function of the cycle number for C-rate capability
tests conducted on batteries containing silicon anodes obtained from silicon deposition at 550 °C
for 30 — 180 min (series A) and at 485 °C for 60 — 180 min (series B).

In summary, batteries containing anodes with higher silicon contents provided higher initial
capacities, but simultaneously also a more pronounced capacity decay and standard deviation
of the CE. Batteries comprising anodes which contain c¢-Si exhibited reproducible significant
CE losses in the first half of the cycling and batteries containing anodes obtained from silicon
deposition at 485 °C stood out with the highest capacity per silicon over 100 cycles. Moreover,
the capacity decay during cycling was shown to go in line with the decrease of the peaks at-
tributed to silicon (de-)lithiation in DCPs. C-rate capability tests revealed that silicon contents
of 30 wt.-% significantly diminish the battery performance and that batteries containing anodes
obtained from LPCVD provide superior performance compared to batteries containing similar

anodes obtained from graphite/Si NP mixtures.
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4.3.3 Evolution of the anode material upon electrochemical cycling

A more thorough understanding of the anode evolution during cycling and the reasons for
the capacity decay can be obtained from post-mortem analysis. In figure 4.19 SEM images
of an anode made from G-550C-22% Si are shown before cycling, after 52 cycles and after
103 cycles. Before cycling, the anode exhibits a fluffy structure. Particulate graphite flakes
with silicon deposition and carbon black are pictured. After 52 cycles, the anode surface is
covered by a solid electrolyte interphase (SEI) layer. The visible cracks in the SEI layer are
most probably induced by the drying process of the anode after the cycling. After 103 cycles
the SEI layer appears thicker and from EDX analysis of the spots A (on SEI) and B (in cracks)
two fundamentally different spectra were collected (fig. 4.20). On spot A no silicon signal and
in decreasing intensity order oxygen, carbon, fluorine and phosphorous signals are obtained.
While the intensity of the oxygen peak is similar for the spectrum of spot B, the carbon signal
is increased and the fluorine and phosphorous peaks are decreased significantly. Moreover, a
considerable silicon signal appears. From this it can be concluded that the formed SEI mainly
consists of fluorine, oxygen, phosphorous and carbon, resulting from electrolyte decomposition
products and that its thickness and density avoids the detection of the underlying silicon with
an EDX interaction depth of 700 nm.

o3 0m

Figure 4.19: SEM images of G-550C-22% Si anodes a, b) before cycling, ¢, d) after 52 cycles and e, f) after
103 cycles.
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Figure 4.20: EDX spectra for spots A and B in SEM image 4.19 e).

Additionally, a G-485C-19% Si anode, containing exclusively the a-Si phase was investigated
after 103 cycles by SEM, to evaluate whether the SEI is formed differently on a-Si compared to
c-Si. The corresponding SEM images convey a similar SEI on both anode types (SI fig. 8.23).
The single element maps of the cycled G-485C-19% Si anode are depicted in figure 4.21. They
go in line with the EDX analysis from the c-Si sample, meaning that on the SEI no significant
silicon signal can be detected with 700 nm interaction depth, while fluorine and oxygen are the
dominant species. Also, a significant silicon signal is detectable in the SEI cracks. Importantly,
the SEI coverage is not present to this extent on the entire anodes. Images of less SEI covered
regions for anodes made from G-550C-22% Si and G-485C-19% Si after 103 cycles can be found
in the SI (fig. 8.24).

Figure 4.21: a) Secondary electron image of G-485C-19% Si anode after 103 cycles and corresponding single
element maps of b) silicon, ¢) fluorine and d) oxygen (700 nm interaction depth).

For a better insight into the interphase between SEI and material, a cross section of the cycled
G-485C-19% Si anode was prepared perpendicular to the surface (fig. 4.22, SI fig. 8.25). In
the bottom region of the image, the graphite flakes with silicon deposition and carbon black
are identifiable. On top of it, the SEI layer of around 630 nm thickness can be seen. This
thickness goes well in line with the impossibility to detect a silicon signal on the SEI layer with
700 nm EDX interaction depth. In agreement with the previous results, for spot A (SEI) no
silicon, but fluorine and phosphorous signals are detected. However, the EDX analysis of the
cross section depicts salient peak intensities for carbon and oxygen in the SEI region. On the
anode material at the bottom of the image, spot B, a distinct silicon signal, but no significant

fluorine or phosphorous and considerably smaller oxygen and carbon signals are quantifiable.

62



4 Graphite-silicon nanocomposites for LIB anodes prepared by methodically varied LPCVD

The corresponding EDX spectra for the denoted spots A (SEI) and B (material) are given in
the SI (8.26 a).
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Figure 4.22: SEM image of the cross section of a G-485C-19% Si anode after 103 cycles.

The same anode was investigated using XPS before and after cycling. The resulting elemental
compositions are presented in table 4.6. In good agreement with the SEM investigations, an
increase in oxygen, fluorine and phosphorous content in the near surface region is detectable
after 103 cycles. Referring to the carbon content, XPS analysis indicates that the SEI layer
contains less carbon than the anode material. Mere traces of silicon can be detected on the
cycled anode surface, which goes in line with the results from the EDX measurements on the SEI
layer. Moreover, XPS analysis reveals a significant lithium content in the SEI. This is consistent

with the Li-ion consumption during SEI formation described in literature, [6397:119,120]

Table 4.6: Near surface composition according to XPS (mol %) for G-485C-19% Si anodes before and after
electrochemical testing

cycling 0] F Li C Cu N Si P
before 25.3 - - 56.3 0.1 0.3 18.0 -
after 32.8 7.6 19.2 38.9 0.1 0.1 0.1 1.3

For comparison, a reference graphite anode was also investigated after cycling using SEM. The
cycled graphite anode is not covered with a similarly thick SEI (fig. 4.23 a, b), however, a thin
coverage of the graphite flakes is visible at higher magnifications (fig. 4.23 ¢, d). In agreement
with this representative EDX spectra revealed a small fluorine signal on the anode surface (SI
fig. 8.26 b). This indicates the formation of a thin SEI on the graphite surface, which is consis-
tent with the reported stable SEI layer formation on graphite in EC-based electrolytes. [38:104]
Moreover, it confirms that the inhomogeneous and several hundred nanometers thick SEI layer
comprised of oxygen, lithium, fluorine, carbon and phosphorous observed for the previous two

anodes, is truly caused by the contained silicon.

63



4 Graphite-silicon nanocomposites for LIB anodes prepared by methodically varied LPCVD
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Figure 4.23: SEM images of a graphite reference anode after 103 cycles.

4.4 Conclusion

In this chapter, the influence of the silicon content and crystallinity in graphite-silicon nano-
composite-based anodes on the lithium-ion battery performance was investigated. The silicon
was deposited on a graphite substrate with methodically varied deposition times ranging from
30 — 180 min and temperatures ranging from 435 — 550 °C. The samples were classified in four
series according to their silicon content and crystallinity: A) crystalline silicon (c-Si) deposited
at 550 °C containing 8 — 30 wt.-% silicon, B) amorphous silicon (a-Si) deposited at 485 °C
containing 11 — 30 wt.-% silicon, C) amorphous and crystalline silicon deposited at 435 —
550 °C containing around 13 wt.-% silicon and D) amorphous and crystalline silicon deposited
at 450 — 550 °C containing around 21 wt.-% silicon. The transition temperature for amorphous
to crystalline silicon deposition was observed to occur between 485 °C and 510 °C deposition
temperature. SEM and TEM analysis revealed that the silicon is deposited in the shape of
droplets on the basal planes and film-like on the edges of the graphite. The film-like deposit
containing spherical shapes indicated a similar nucleation process, but a faster silicon growth
rate on the graphite edges than on the basal planes. Samples with lower silicon content showed
more distinct silicon droplets on the basal planes, while samples with a high silicon content
of 30 wt.-% exhibited graphite surfaces which were fully covered with silicon. Yet, no visible
morphological differences for a-Si and c-Si depositions were observed. Electrochemical cycling
of the samples revealed a stronger capacity decay for higher silicon contents and increasing
silicon crystallinity. Moreover, depositions at 485 °C provided the highest averaged capacity
per silicon and for the samples with either 30 wt.-% silicon content or high crystallinity a
characteristic reproducible decay of the coulombic efficiency within the first 40 cycles occurred.

Differential capacity analysis depicted that the peaks reported for silicon (de-)lithiation scaled
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proportionally with the silicon content and decayed over cycling. Furthermore, differential
capacity analysis confirmed different lithiation behaviours of c-Si and a-Si in the very first
cycle. Employing post-mortem analysis it was shown that thick layers of solid electrolyte
interphase (SEI) of around 630 nm thickness were formed on silicon containing samples during
electrochemical testing. In the SEI no silicon, but lithium, fluorine, phosphorous, oxygen and

carbon were detected.

Hence, for the design of new silicon-graphite-based anode materials, the presented results point
at the application of a-Si. LPCVD turned out to be a suitable synthesis method for such nanos-
tructured composites, since both silicon crystallinity and content can be reliably determined.
Moreover, batteries containing anodes made from LPCVD exhibited superior performance re-
garding the coulombic efficiency and C-rate capability compared to the graphite/Si NP mix-
tures. However, the batteries still exhibit a significant capacity decay and inhomogeneous SEI
formation on the anodes. Whether this can be avoided by employing further deposition of

amorphous carbon, is discussed in the following chapter.
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5 Carbon coverage of the silicon
nanocomposite and its effect on the battery

performance

Abstract

It is widely discussed in literature that the performance decay of lithium-ion batteries (LIBs)
containing silicon-based anodes is dominantly caused by the electrochemical degradation of
electrolyte on the silicon surface. An approach to avoid the direct silicon-electrolyte contact
is to cover the silicon surface with carbonaceous materials. In this section the amorphous
carbon (a-C) coverage of the previously introduced graphite-silicon nanocomposite and its effect
on the battery performance are examined. The graphite-silicon-a-C nanocomposite (G-SiQC)
was synthesised using an adaptable low pressure chemical vapour deposition (LPCVD) reactor
setup. Specifically, silicon was deposited on graphite flakes using LPCVD and subsequently
covered with a-C using CsHg. The C3Hg treatment time of the graphite-silicon nanocomposite
was varied from 15 — 90 min. The resulting samples contained highly crystalline sintered
silicon droplets covered with a-C, which avoided the formation of SiOy-surface layers when the
samples were exposed to air. A treatment with CgHg before and after the silicon deposition
was used to achieve an encapsulation of silicon inside a-C. Yet, results from post-mortem TEM
investigations of the materials after electrochemical testing indicated that the a-C coverage
could not be maintained during cycling. Nevertheless, especially the coulombic efficiency was
improved compared to batteries containing anodes without a-C coverage. A battery comprising
an anode made from the a-C encapsulated sample also exhibited significantly improved capacity
stability. Moreover, the evolution of the solid electrolyte interphases formed on the anodes

during electrochemical testing was investigated using SEM.

5.1 Introduction

In the past decades great efforts have been made to introduce silicon in anode materials for
lithium-ion batteries (LIBs). This is mainly due to the high theoretical gravimetric capacity
of silicon (3579 mAh - g~!) compared to the currently mainly used anode material graphite
(372 mAh - g_l).[22’47’124] To provide such a high gravimetric capacity, silicon is alloyed to

Liy5Sis and thereby undergoes a large volume expansion of 280 %, which entails material stress

67



5 Carbon coverage of the silicon nanocomposite and its effect on the battery performance

70.71] Although the often resulting silicon fracturing can be

and rearrangement of the material. [
mostly prevented by the application of silicon nanostructuring, still silicon-based batteries do
not achieve the required performance. They exhibit a fast capacity decay and low coulombic
efficiency (CE) when cycled to their maximum capacity. This is mainly attributed to the insuf-
ficiently stable solid electrolyte interphase (SEI) formation on and lithium-ion trapping inside

[19,64,116] A gtable SEI provides the basis for the stabilisation of battery performance

the silicon.
regarding irreversible charge loss, self-discharge, cyclability, rate capability and safety.[?8) Tt is
formed by reduction of electrolyte components on the anode surface. In case of graphite anodes
this occurs in the first battery cycle and the formed SEI then prevents further electrolyte re-
duction, graphite exfoliation and co-intercalation of solvent molecules. [96,99,100] Ty contrast, the
SEI formed on silicon was reported to be multi-layered and porous.!'16 Such an SEI formation
process is assumed to continuously consume charges and is attributed to the mentioned large

volume expansion of silicon during (de-)lithiation. [63111,118]

The addition of carbonaceous materials to silicon-based anodes, e.g. by mixing and milling,
has been reported to improve the performance of batteries by providing a conductive network
inside the anode.l'®l Hence, the dedicated carbonaceous surface coverage of silicon is expected
to cope with three particular tasks:[11:85:124.214] Firstly, a carbon coverage is supposed to act
as mechanical constraining layer, which accommodates the silicon’s volumetric changes, thus
avoiding electrochemical sintering and deterioration of the silicon in order to maintain good
electrical contact. Secondly, the carbon is to function as a passivation layer which suppresses
unwanted reactions between electrode and electrolyte, such as anode reaction with fluorine
species. Thirdly, the carbon is intended to enhance the redox reaction kinetics and improve the
current collection efficiency due to its superior electrical conductivity. However, too thick and
stable surface coatings can lead to large stress upon the silicon volume expansion and slow down
the reaction kinetics, resulting in incomplete silicon lithiation. 215216l Hence, it is important to
select an elaborated synthesis method which generates a thin, homogeneous and controllable

r.1125] Several routes have been reported to cover silicon with various carbons, e.g.

carbon laye
straightforward processes using hydrothermal carbonization, pyrolysis or heating with precur-
sors or more elaborated approaches including several intermediate steps.[124125:217-219] Among
these approaches especially chemical vapour deposition (CVD) of amorphous carbon (a-C) on

nanostructured silicons gave promising results.

Common deposition gases are propene (C3Hg) or ethene (CoHy) and deposition temperatures
are usually between 700 and 900 °C.[220-225] Higher deposition temperatures result in carbon
depositions with a higher degree of graphitization and more reduction of SiOy surface species,
which was reported to improve the 15 cycle CE and high-rate performance of the battery. 225
During the deposition of a-C the precursors propene and ethene undergo pyrolysis reactions.
Hereby, both alkanes result in five common major compounds, namely hydrogen, ethyne (CoHs),
methane (CHy), 1,3-butadiene (1,3-C4Hg), and benzene (CgHg).[?26] The pyrolysis of C3Hg,

however, is a bit more complex and furthermore includes propyne (CsHy) and propadiene
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(HoCCCHsy) as major pyrolysis species (fig. 5.1). Thus, the coverage of ball-milled silicon with

a-C by ethene pyrolysis was reported to lead to a significant improvement in the cycling stability,

which was attributed to the formation of an a-C network. [227]
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Figure 5.1: Comparison of model predictions (lines) with experimental mole fraction profiles (symbols) of major
species during propylene pyrolysis at 900 °C and 8 kPa. 226]

Nevertheless, it was reported that there is not only a minimum, but also a maximum a-C thick-
ness which should not be exceeded, since a too thick a-C film is assumed to limit the lithium-ion
diffusion. 2231 Batteries obtained from ethene pyrolysis on silicon nanoparticles (Si NPs) with
about 20 wt.-% a-C in the resulting nanocomposite exhibited a stable cycling performance

1 [225] Also, the cycling performance of

providing a capacity of 1200 mAh - g~ over 600 cycles.
more complex nanostructured silicons like hollow silicon nanotubes and sponge silicon, were
significantly improved by a-C coverage.[220228] In addition, there are several promising bottom-
up approaches which use the CVD processes, first for silicon deposition and subsequently for
a-C coverage. Batteries containing anodes obtained from silicon deposition on spherical nat-
ural graphite with additional coverage with a-C by ethene pyrolysis provided an outstanding
performance in C-rate capability tests with only 3 wt.-% a-C.[224] However, the system turned
out to be unstable for silicon contents above 6 wt.-%, therefore it is limited to a gravimetric
capacity of 517 mAh - g~!. In contrast, material obtained from pyrolysis of propene on carbon
black or graphene with silicon deposits provided the base for batteries which exhibited stable

gravimetric capacities of 1400 and 1000 mAh - g~! for 100 and 150 cycles, respectively. [221,222]
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Due to its buffering properties, a-C films were reported to also stabilise the performance of

silicon thin films when deposited between the silicon and the current collector. 229

In this chapter, the synthesis, characterisation and electrochemical performance of graphite-
silicon-amorphous carbon nanocomposites (G-Si@QC) is discussed. The G-SiQC composites were
obtained from LPCVD of silicon on graphite with subsequently performed coverage with a-C
using pyrolysis of propene. It was investigated how the propene treatment time affects the a-C
deposit, the silicon deposit and the battery performance. Moreover, it was probed whether the
a-C coverage is able to outlast the electrochemical cycling and if the SEI formation is affected

by the a-C coverage.

5.2 Experimental

5.2.1 Sample preparation

Silicon was deposited using an in-house designed LPCVD reactor setup comprised of a gas sup-
ply facility (Ng and Ar, purity 99.999 %, Westfalen; SiH4, UHP, Air Liquide; C3Hg containing
5 vol.-% 5.0 Og, 10 vol.-% 2.5 C3Hg and 5.0 Ny balance, Westfalen), a three zone hot wall oven
(HTM Reetz GmbH), and a horizontally placed 1.2 m long by 4.5 cm in diameter quartz tube
as main reaction chamber. All gases were dried and filtrated using a dry bed cartridge (MC200,
MicroTorr). The depositions were performed using a rotary feedthrough motion quartz reactor
insert (60 cm long by 3.5 cm in diameter) composed of a 10 cm baffled deposition chamber,
reaction gas exhaust compartment, a glass frit, a quick connection holder and a rotary sealing
(ALMA-M-KF-012-V-U, Alma) mounted on a KF40 “T” piece. Prior to deposition all gas lines
were purged with Ng at 2 1- min~! for 1 h. The reactor insert was typically filled with 1.5 g
of graphite powder (KS6, Timcal) inserted inside the main reaction chamber and rotated at
2 rounds per minute. The main chamber absolute pressure was set to the required pressure and
the oven heating zones were simultaneously heated from room temperature to the deposition
temperature with a ramp of 5 °C - min~! under 10 sccm argon flow. The oven calibration re-
vealed a T'sample=(20.80 + Toven - 0.99) (°C) correlation. In the following, given temperatures
represent the set temperature (Toven). The setup was thermally stabilised for 30 min prior
to deposition and cooled down to room temperature under a constant flow of argon after the
deposition process. Silicon was deposited at 485 °C or 550 °C for 1 — 2 h at 1 mbar and 10 sccm
SiH,4 flow. Carbon was deposited at 800 °C for 15 — 90 min at 9 mbar and 15 sccm C3zHg flow.
The prepared samples are presented in table 5.1. The samples were ground in an agate mortar
and stored inside an argon filled glove box (mBraun B790, Oy < 1 ppm lonic System Trace
Oxygen Sensor T0s 3.0).
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Table 5.1: List of sample names and varied deposition parameters

sample CsHg SiHy SiHy CsHg | remark

t (min) ¢ (min) T (°C) ¢ (min)
G-Si(21%)-60m - 120 485 60 annealing under vacuum
G-Si(20%)-C15m ; 120 485 15 |-
G-Si(17%)-C30m ; 120 485 30 |-
G-Si(19%)-C60m ; 120 485 60 |-
G-Si(19%)-C90m ; 120 485 90 |-
G-Si(12%)-C30m - 60 550 30 | 1h Si deposition
G-Si(0)(24%)-C30m - 120 485 30 exposed to air before a-C deposition
G-C-Si(20%)-C30m 30 120 485 30 CsHg treatment before and after Si

deposition

5.2.2 Material characterisation

Elemental Analysis For silicon quantification, elemental analysis was executed by the analysis
laboratory Kolbe (Hohenweg 17, 45470 Miilheim an der Ruhr, Germany) using a Vario EL

CHNOS-Analyser (Elementar) and photometric silicon determination.

Thermogravimetric analysis — mass spectrometry TG-MS measurements were carried out
using a simultaneous TG-DSC on a Netzsch STA 449C Jupiter thermoanalyzer equipped with an
electromagnetic micro balance (resolution 0.1 pg; relative error of the mass determination 0.5 %)
with top-loading. The sample was placed in an open corundum crucible (85 pl) and placed on
the sample holder whose temperature change was monitored via Pt/Pt-Rh thermocouples. The
samples were heated in a 100 ml - min~! flow of a gas mixture consisting of 21 % Oz : 79 %
Ar (both 99.999 %, Westfalen) with 10 °C - min~! to 650 °C, then 2 °C - min~! to 1000 °C
and finally with 5 °C-min~! to 1500 °C. The evolved gases were monitored with a quadrupole
mass spectrometer (QMS200 Omnistar, Balzers) coupled to STA via a quartz capillary heated
to 40 °C. The experiments were performed with an electron ionisation energy of 60 eV and a

dwell time per mass of 0.2 s.

X-ray diffraction The X-ray diffraction measurements were performed in Bragg-Brentano
geometry (Bruker Axs D8 Advance IT) using Ni filtered Cu K, radiation and a position sensitive
energy dispersive LynxEye silicon strip detector. To index the XRD patterns the references

listed in table 5.2 were used.

Table 5.2: XRD reference patterns

phase chemical formula  database #
Graphite 2H C PDF 89-7213
Graphite 3R, syn C PDF 26-1079
Silicon, syn Si PDF 27-1402
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Raman spectroscopy Raman measurements were carried out on a Thermo Fischer Scientific
DXR spectrometer with a 532 nm laser in the measurement range from 100 — 4000 cm ™! applying
an incident light power of 0.5 mW. For comparison of the Raman spectra the G-band was
normalised. For the Raman fitting the five bands G (~ 1580 cm™1), D1 (~ 1350 cm™1), D2
(~ 1620 cm™!), D3 (~ 1500 cm™ ') and D4 (~ 1200 cm™!) reported by Sadezky et al.[23% were
used as starting alignment. The D4 band needed to be fixed to values < 1208 cm™! to avoid

convergence with the D1 band.

Scanning Electron Microscopy SEM images were acquired on a Hitachi S-4800 microscope
using 1.5 kV accelerating voltage and 3 — 4 mm working distance. The samples were prepared
on a beryllium holder and energy dispersive X-ray (EDX) analysis was performed using a silicon
drift detector (SDD).

Transmission Electron Microscopy The powder samples were prepared on a 200 mesh
lacey carbon copper grid. The TEM images of the sample G-Si(12%)-C30m were acquired
using an aberration-corrected JEOL JEM-ARM 200F microscope operated at 200 kV acceleration
voltage. The elemental maps were recorded using a high angle silicon drift EDX detector. The
samples G-Si(19%)-C60m and G-Si(0)(24%)-C30m were investigated using an FEI Talos F200X
microscope. Scanning transmission electron microscope bright field (STEM-BF) images were
acquired using a 200 kV acceleration voltage and 98 mm camera length. EDX analysis was

performed using the Super-X system comprised of four Bruker SDDs.

5.2.3 Anode preparation and electrochemical tests

Anode preparation For the preparation of electrodes, polyacrylic acid (PAA, < 0.5 % benzene,
Sigma-Aldrich) was dispersed in an ethanol (Sigma-Aldrich) : 2-propanol (> 99.5 %, Carl Roth)
(6.25:1) mixture and stirred for 15 h. Then, carbon black (CB) (Super Conductive P, Alfa Aesar)
and the ground sample were added (PAA : CB : sample = 1 : 1.5 : 10), stirred and treated in an
ultrasonic bath. The prepared slurry was cast as a thin film on a 25 pm thick copper foil (Cub8,
bare, Schlenk) using a ZUA 2000 universal applicator (Zehntner) or a 4-sided film applicator
(VF2169-013, 60 mm, TQC), respectively set to a film thickness of 120 pm. Subsequently, the
film was dried for 15 h at 80 °C in a vacuum oven (VTR 5022, Heraeus). Hereafter, anodes of
10 mm in diameter were punched out using a lever press, weighed and stored in an argon filled

glovebox (mBraun B790, O2 < 1 ppm Ionic System Trace Oxygen Sensor T0s 3.0).

Electrochemical testing For the two electrode battery system, a modified stainless steel
Swagelok tube fitting was electrically insulated by a one-way 75 pm Kapton foil (Dr. Dietrich
Miiller GmbH). The working electrode and counter electrode (metallic lithium, 10 mm diameter,
Xiamen Tob New Energy Technology Co.) were sandwiched with two 25 pm thick separators
(C2500, Celgard Inc., USA) in between and wetted with 140 pl of a solution of 1 M LiPFg
dissolved in a mixture of ethylene carbonate : diethyl carbonate 1 : 1 wt.-% (Selectilyte LP40,
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Battery grade, BASF) electrolyte. The battery cell was sealed with nylon ferrules (Swagelok)
on both sides inside the argon filled glovebox. Electrochemical measurements were carried out
using an Arbin Instruments BT2000 battery tester or a Biologic MPG-2 battery cycler. The
regular cycling protocol with differential capacity analysis in the 1%, 2°d and 103" cycle is

given in table 5.3 and the C-rate variation protocol without CV-sequences in table 5.4.

Table 5.3: Cycling protocol

cycle current final lithiation =~ CV-sequence final delithia-  CV-sequence
(C-rate) potential (V)  (min) tion potential (min)
V)
1-2 C/20 0.005 90 2 60
3-102 C 0.005 90 2 60
103 C/20 0.005 90 2 60

Table 5.4: Current rate (C-rate) variation protocol applied between 5 mV and 2 V
cycle 1-10 11-20 21 - 30 31-40 41 - 50 51 - 60
C-rate C/10 C/5 C 5C 10 C C/10

To calculate the gravimetric capacities of the anode materials the measured capacities were di-
vided by the mass of the active material. Since the weight of the copper foil varies strongly while
the mass of active material varies only slightly due to the casting process, the mass of the active
material could not be accurately determined by weighing of the entire anode. Therefore, except
for occasional cases, the precise investigation of the gravimetric capacity was accomplished as
follows. For new anode materials with unknown gravimetric capacity, the theoretical capacity
was calculated based on 372 mAh - g~! gravimetric capacity for graphite and 3579 mAh - g~}
for silicon. The anode was cycled following the protocol in table 5.3 with the current congruous
with the theoretical 1C C-rate, employing 50 instead of 100 cycles. Afterwards, the anode
was dismounted, washed and the active material was removed by ultrasonification in ethanol.
The left-over copper foil was weighed and the difference to the anode weight prior to cycling,
i.e. the amount of removed material, was set off against the binder and thereby resulted in
the amount of active material including graphite, silicon and carbon black. The gravimetric

discharge capacities of the subsequently cycled anodes were then pinned in the 5"

cycle to the
same gravimetric discharge capacity as the previously dispersed anode. Samples were exempted
from this procedure when they were not used for post-mortem analysis, in this case the weight
of the active material was directly determined by dissolving the anode material. For evaluation
of the capacity normalised per silicon and averaged over 100 cycles the scattered capacity out-
liers were linearly interpolated, before the discharge capacities were added over 100 cycles and

normalised for cycle and wt.-% silicon.
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5.2.4 Post-mortem analysis

After electrochemical testing the batteries were disassembled inside the argon filled glove box,
with the anodes being in the delithiated state. Then, the anodes were washed successively in
four flasks filled with 3 ml DEC (> 99 %, anhydrous, Sigma Aldrich) each and prepared for the
respective analysis method (SEM and TEM) on transfer holders which provide an airtight seal.

Scanning Electron Microscopy SEM images were acquired on a Hitachi S-4800 microscope
using 1.5 kV accelerating voltage and 3 — 4 mm working distance. The anodes were mounted on
conductive carbon tape (Plano) on a transfer holder. Energy dispersive X-ray (EDX) analysis

was performed using an SDD.

Transmission Electron Microscopy For TEM investigations, cycled material was scraped
The TEM images of
the sample G-Si(12%)-C30m after 27 cycles were acquired using an aberration-corrected JEOL

off the anode and mounted on 200 mesh lacey carbon copper grids.

JEM-ARM 200F microscope operated at 200 kV acceleration voltage. The elemental maps were
recorded using a high angle silicon drift EDX detector. The samples G-Si(12%)-C30m after
7 cycles and G-Si(19%)-C60m after 103 cycles were investigated using an FEI Talos F200X
microscope. Scanning transmission electron microscope bright field (STEM-BF) images were
acquired using a 200 kV acceleration voltage and 98 mm camera length. EDX analysis was

performed using the Super-X system comprised of four Bruker SDDs.

5.3 Results and discussion

5.3.1 Characterisation of the G-Si@QC nanocomposite

The samples examined in this chapter can be classified as listed in table 5.5. The sample names
are derived from the deposition conditions and the silicon content determined by elemental
analysis (EA), for example: G-Si(19%)-C60m represents graphite covered with 19 wt.-% silicon

deposit treated with propene for 60 min.

Table 5.5: Classification of samples

classification ‘ samples

group of 15, 30, 60 and 90 min C3Hg treatment

G-Si(20%)-C15m, G-Si(17%)-C30m, G-Si(19%)-
C60m, G-Si(19%)-C90m

© 60 min annealing at 800 °C under vacuum

o lower Si content and 30 min C3Hg treatment
< exposed to air before 30 min C3Hg treatment
o C3Hg treatment before and after Si deposition

G-Si(21%)-60m
G-Si(12%)-C30m
G-Si(0)(24%)-C30m
G-C-Si(20%)-C30m
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The silicon contents of the Si-G@QC nanocomposites listed in table 5.5 were quantified by ther-
mogravimetric analysis coupled with mass spectrometry (TG-MS) in synthetic air and EA. The
masses and ion currents of CO and COs during TG-MS analysis of samples with propene treat-
ment for 15 min (G-Si(20%)-C15m), 30 min (G-Si(17%)-C30m), 60 min (G-Si(19%)-C60m),
90 min (G-Si(19%)-C90m) and annealing without a-C deposition (G-Si(21%)-60m) are shown
in figure 5.2. The developing masses and the ion currents of CO and CO4 over the temperature
range from 25 °C to 1500 °C for all samples listed in table 5.5 are depicted in SI (fig. 8.27).
Regarding the mass development, the sample without a-C deposition shows a constant mass up
to 650 °C with subsequent continuous mass decay. The samples with a-C deposition exhibit a
mass loss at lower temperatures around 580 °C, which is more strongly pronounced for longer
propene treatments. Around this temperature an additional ion current signal which can be
assigned to CO and COq appears for the propene treated samples. This indicates that the mass
loss is correlated to the burning of carbon, which is different from that of the graphite substrate.
Hence, it can be concluded that this carbon is generated during the propene treatment. When
the material is further heated, the mass loss caused by the graphite burning is followed by a

mass increase attributable to the oxidation of silicon to SiOs. Following, the silicon content

m(%)rq
Msio,

by TG-MS and Mg; and Mgio, being the molar masses of silicon and SiOj, respectively. The

can be estimated by m(%)s; = - Mgi, with m(%)rq being the final mass evaluated

resulting silicon contents are listed together with the contents obtained from EA in the SI (ta-
ble 8.4). For 2 h silicon deposition the silicon contents vary between 17 and 21 wt.-% for EA
and 20 — 23 wt.-% for TG-MS analysis. The sole exception is the sample which was exposed to

air before a-C deposition, exhibiting a silicon content of 24 wt.-%.
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Figure 5.2: a) Sample mass and b) ion current for CO (m/z = 28, solid lines) and CO2 (m/z = 44, dotted
lines) as a function of temperature for samples treated for 15, 30, 60 and 90 min with C3Hs and
60 min annealing under vacuum.
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As shown in the previous chapter the silicon deposited at 485 °C is amorphous and it becomes
crystalline (c-Si) when it is annealed at 800 °C. The powder XRD patterns of the samples listed
in table 5.5 (fig. 5.3) all display the appearance of ¢-Si reflections. This is independent of the
800 °C treatment time or whether propene gas feed is applied. The reflections are slightly more
pronounced for G-Si(19%)-C90m, G-Si(0)(24%)-C30m and G-C-Si(20%)-C30m, indicating a
higher degree of silicon crystallinity. The sample G-Si(12%)-C30m exhibits less pronounced

and broadened silicon reflections due to the lower silicon content.

o

G-Si(19%)-C90m Graphite 2H
A G-Si(19%)-C60m Graphite 3R (syn)
| ——G-Si(17%)-C30m Si (syn)
/| G-Si{19%)-C15m 4
_——— G-Si(19%)}-60m A

Intensity (a.u)

s

G-C-Si(20%)-C30m
—— G-Si(0)(24%)-C30m
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-
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004/006
311

Diffraction angle 26 (%)

Figure 5.3: Powder XRD patterns for a) samples treated for 15, 30, 60 and 90 min with CsHg and 60 min
annealing under vacuum and b) G-Si(12%)-C30m, G-Si(0)(24%)-C30m and G-C-Si(20%)-C30m.

A more precise impression of the deposited a-C can be obtained from Raman analysis. The
D- and G-band region can be deconvoluted in five peaks for soot materials: G (~ 1580 cm™1)
caused by ideal graphitic lattice structures, D1 (~ 1350 cm™1), D2 (~ 1620 cm~!) and D4
(~ 1200 cm™!) attributed to disordered graphitic lattice vibrations and D3 (~ 1500 cm™1!)
ascribed to an a-C vibration mode.[23% Accordingly, the Raman spectra of the samples can be
fitted as illustrated in figure 5.4 a). Regarding the D- and G-band region of the samples, with
successive increasing propene treatment time all samples show an increase in the contribution
of disordered and amorphous carbon bands compared to the annealed reference sample without
propene treatment (G-Si(21%)-60m) (fig. 5.4 b). The D3 band integral in relation to the all-over
integral from 1000 to 2000 cm ™! is shown in figure 5.4 ¢). The D3 band integral increases with
increasing propene treatment time, which indicates an increase in a-C content and is consistent
with the observations from TG-MS analysis. The Raman spectra for 200 — 3000 cm ™!, including
those of the samples G-Si(0)(24%)-C30m and G-C-Si(20%)-C30m are plotted in ST (fig. 8.28).
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Figure 5.4: a) Example fitting of sample G-Si(19%)-C90m, b) Raman spectra of the samples treated for 15,
30, 60 and 90 min with CsHg and 60 min annealing under vacuum and c) percentage share of the
D3 band integral of the samples obtained from 15, 30, 60 and 90 min C3Hg treatment.

The SEM image of G-Si(19%)-60m (fig. 5.5 a) depicts a graphite flake with sintered silicon
droplets. The sintering of a-Si deposited at 485 °C upon annealing at 800 °C leads to an
increased droplet size and crystallinity, as shown in the previous chapter. Such sintering is also
observable in the SEM images of G-Si(20%)-C15m, G-Si(17%)-C30m, G-Si(19%)-C60m and G-
Si(19%)-C90m with 15 — 90 min propene treatment (fig. 5.5 b-e). However, neither the droplet
shape, nor the droplet size correlate with the gas exposure or treatment time. This is due to
inhomogeneous sintering of the silicon. The variation of the silicon sintering within one sample
is illustrated in figure 5.6 a) and several pictures in the SI (fig. 8.29-8.32). The sample G-
Si(19%)-C90m stands out due to big silicon agglomerates (fig. 5.5 e). This goes in line with the
more pronounced silicon reflections observed in the related XRD pattern (fig. 5.3 a). Acquired
at higher magnification, this sample reveals an abrasive surface structure on the silicon droplets
(fig. 5.6 b), which could be attributed to a thicker coverage with a-C. This is in accordance with
the exceptionally stronger mass decay observed in TG-MS analysis (fig. 5.2) and the increased
contribution of the D3 band integral fitted in the Raman spectrum (fig. 5.4 ¢). As distinct from
the other propene treated samples, the SEM images of G-C-Si(20%)-C30m, which was treated
with propene before and after silicon deposition, show a remarkably homogeneous distribution
of clearly defined silicon droplets (fig. 5.5 f) and 8.29 ¢).

To obtain a better impression of the a-C coverage several samples were investigated by TEM
analysis. TEM images of the G-Si(12%)-C30m sample (fig. 5.7) reveal graphitic planes with
polycrystalline silicon droplets, which are covered by an amorphous layer. This layer was
identified by EDX mapping to consist of carbon (fig. 5.8). On average, an a-C layer thickness
of ca. 3 nm was observed for this sample and no significant oxygen content was detectable.
Hence, the 30 min propene treatment avoided the formation of a SiOy surface layer upon air

exposure of the sample.

7



5 Carbon coverage of the silicon nanocomposite and its effect on the battery performance

500"mm

Figure 5.5: SEM images of a) G-Si(19%)-60m, b) G-Si(20%)-C15m, c) G-Si(17%)-C30m, d) G-Si(19%)-C60m,
¢) G-Si(19%)-C90m and f)G-C-Si(20%)-C30m.

Figure 5.6: SEM images of a) G-Si(20%)-C1l5m with pronounced inhomogeneous silicon sintering on two
graphite flakes and b) G-Si(19%)-C90m exhibiting abrasive-appearing silicon surface.

10 nm 10 nm

Figure 5.7: TEM images of G-Si(12%)-C30m.
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Figure 5.8: TEM image of G-Si(12%)-C30m with corresponding EDX elemental map of Si and C.
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Figure 5.9: STEM BF images with EDX elemental map and line scan of a) G-Si(19%)-C60m (left) and b) G-
Si(0)(24%)-C30m (right).

In agreement with this, the sample obtained from 60 min propene treatment (G-Si(19%)-C60m)
does not exhibit a SiOy layer either, as is depicted in the elemental map and EDX line scan in
figure 5.9 a). In the respective STEM bright field (BF) image an a-C layer of 4.5 nm thickness
was observed. In contrary, in the line scan an a-C layer of 3.5 nm thickness is identifiable. The
difference of 1 nm can be attributed in a large part to an observed shrinkage of the a-C layer
thickness during EDX investigation. The sample G-Si(0)(24%)-C30m was exposed to air for
60 h before the a-C was deposited. The related STEM BF image, elemental map and EDX line
scan are shown in figure 5.9 b). For the G-Si(0)(24%)-C30m sample a clear oxygen signal was

detectable, which is visible in the line scan as an oxygen-rich interphase of about 1 nm thickness
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on the silicon surface below the a-C layer. The a-C surface layer thickness of 2.6 nm is similar
to the a-C layer thickness of the sample G-Si(12%)-C30m, which also was treated with propene
for 30 min. This indicates, firstly, that the deposition of a-C is reproducible and, secondly, that

the propene treatment is capable to prevent the silicon surface from oxidation by air contact.

Summed up, a-C was deposited in various contents on graphite-silicon nanocomposites. The
high propene treatment temperature led to sintering of the silicon deposit and therefore entailed
an increase in the silicon crystallinity. The a-C content and layer thickness was controllable
by the deposition time and the propene treatment was shown to avoid silicon surface oxidation

upon air exposure.

5.3.2 Influence of the a-C coverage on the battery performance

To investigate the impact of the a-C coverage on the electrochemical performance of the batter-
ies, anodes obtained from material treated for 15 min (G-Si(20%)-C15m), 30 min (G-Si(17%)-
C30m), 60 min (G-Si(19%)-C60m) and 90 min (G-Si(19%)-C90m) with propene and the sample
with 60 min annealing under vacuum (G-Si(21%)-60m) were cycled. The cycling raw data is
plotted in the SI (fig. 8.33). The derived radar plot in figure 5.10 depicts seven expressive
parameters of the cycling test. The comparison of the 3", 52" and 102" cycle gravimet-
ric discharge capacity illustrates the capacity fade. It is clearly visible how much capacity is
provided by the battery in the beginning and how much is lost after 50 and 100 cycles. A

re-increase in the 103' compared to the 10279

cycle gravimetric discharge capacity indicates
that the capacity losses in the final capacity are at least partially reversible for slower C-rates.
The capacity retention (CR) is the ratio of the final to the initial capacity and therefore is a
direct measure of how much capacity is lost over cycling. The 15 cycle CE assigns the amount
of charges lost in the very first cycle at C/20 and therefore reveals differences in the reaction
of the fresh anode material with the electrolyte. The standard deviation of the CE (ocg) is
derived from the CEs generated at 1C, excluding all CE outliers above 120 %. It illustrates the
steadiness of the CE over cycling. Higher values in ocg are an indication for either outliers in

the CEs or occurring local decays in the CEs.

The initial gravimetric discharge capacities for the five samples are ordered according to their
silicon content, i.e. samples with higher silicon content also provide a higher gravimetric capac-
ity in the beginning of the cycling. However, the samples’ capacities decay differently. While for
the battery containing the uncovered nanocomposite (G-Si(21%)-60m) only 54 % of the initial
capacity are maintained after 50 cycles, for the G-Si(19%)-C60m battery 75 % of the initial

274 cycle all batteries containing a-C covered samples exhibit

capacity are retained. In the 10
similar capacities, except for the G-Si(17%)-C30m battery, which provides less capacity. When
the current rate (C-rate) is reduced in the 103" cycle the capacities of all batteries converge
and re-increase, independent of the a-C coverage, indicating that the diverging capacity loss is

not due to irreversible processes, but to kinetic hindrance. From the CRs it is visible that in
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the mean the capacity decay is decreased for batteries containing a-C coated anodes. While the
battery without a-C coverage on the nanocomposite shows a lower CR (~37 %), the samples

with 15 and 60 min propene treatment provide the highest CRs (~43 %) in the row.
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1200
%) 1000 Intermediate discharge capacity
Gge (%o 1200  (mAh-g") (52™ cycle)
800+
4 1000
3 600 1 ® G-Si(21%)-60m

G-Si(20%)-C15m
® G-Si(17%)-C30m
®  G-Si(19%)-C60m
® G-Si(19%)-C90m

Final discharge capacity

<1 nd
coulombic efficiency (%) (mAh-g™) (1027 cycle)

Capacity retention 48 103" discharge capacity (mAh-g") (C/20)
(finalfinitial capacity) (%)

Figure 5.10: Radar plots of the performance of batteries containing anodes from C3Hg treatment for 15 (G-
Si(20%)-C15m), 30 (G-Si(17%)-C30m), 60 (G-Si(19%)-C60m) and 90 min G-Si(19%)-C90m) and
the sample annealed under vacuum (G-Si(21%)-60m).

The 1% cycle CE values vary in a small region and without direct correlation to the propene
treatment time. In the previous chapter it was shown that the 15* cycle CE correlates with the
silicon coverage of the graphite surface. More precisely, the 15 cycle CE of pure graphite was
low (81 %), while highly silicon covered graphite exhibited higher 15 cycle CE values (93 %).
This is attributed to the formation of a stable solid electrolyte interphase (SEI) on graphite
cycled in ethylene carbonate-based electrolytes in the 15¢ cycle, which does not occur in this

(147,200 The samples covered with a-C exhibit 1% cycle CEs ranging from

manner on silicon.
88 — 91 %. Hence, the a-C coverage does not seem to significantly influence the SEI formation
in the 15¢ cycle. A high value in the ocg can be caused either by CE progressions with a strongly
distinct minimum or a significant number of outliers between 100 — 120 %. The latter is caused
either by a continuous current flow in the delithiation constant voltage protocol sequence (at
2 V) or by the failure to reach the 2 V border within the constant current protocol sequence.
The G-Si(19%)-C90m battery exhibits plenty of these outliers in the first cycles, yielding in an
unstable cycling performance. The annealed sample without a-C coverage (G-Si(21%)-60m) on
the contrary exhibits a distinct CE loss around the 315 cycle (SI fig. 8.33). In the previous
chapter this loss was characteristic for batteries containing anodes with highly crystalline silicon.

However, it was derived from XRD analysis that, regarding the silicon crystallinity, the propene
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treated samples do not differ from the annealed sample. This implies that the a-C coverage
is capable to prevent the strong CE loss of batteries containing anodes with distinct silicon

crystallinity.

In the radar plot resume in figure 5.11, the electrochemical performance of batteries containing
the sample exposed to air before a-C coverage (G-Si(0)(24%)-C30m) and the sample treated
with propene before and after silicon deposition (G-C-Si(20%)-C30m) are compared to the
performance of the G-Si(17%)-C30m battery. In contrast to the G-Si(17%)-C30m nanocompos-
ite, the sample exposed to air before a-C coverage exhibits a SiOy surface layer on the silicon.
Regarding the initial capacity, the oxidised sample surpasses the G-Si(17%)-C30m sample, how-
ever, this can be attributed to the higher silicon content. Moreover, both samples exhibit a
similar decay and therefore a similar CR. The 15¢ cycle CE is higher for the oxidised sample,
which may indicate a slightly different reactivity of the fresh anode towards the electrolyte.
However, the G-Si(0)(24%)-C30m battery standard deviation of the CE (ocg) is comparable
to the other samples. Altogether, this is in accordance with the reported observation that the
anode silicon surface oxidation does not have a significant negative effect on the battery cycling

[231] Compared to the battery containing silicon covered with a-C, the battery

performance.
containing silicon encapsulated in a-C (G-C-Si(20%)-C30m) stands out due to its very high CR
of nearly 48 %. The cycling raw data and the differential capacity plots recorded for all samples

in the 2" and 103" cycle are given in SI (fig. 8.33, 8.34 and 8.35).
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Figure 5.11: Radar plots of the performance of batteries containing anodes from C3Hg treatment for 30 min
(G-Si(17%)-C30m), the air exposed sample (G-Si(0)(24%)-C30m) and the twice CsHg treated
sample (G-C-5i(20%)-C30m). The 1% cycle CE of the G-Si(0)(24%)-C30m battery was taken
from a replica battery.
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Figure 5.12 depicts the amount of capacity provided per wt.-% silicon, averaged over 100 cycles
for batteries containing anodes from 15, 30, 60 and 90 min propene treatment, from the annealed
sample and from the sample treated with propene before and after silicon deposition. The G-
Si(19%)-C60m battery provides the highest averaged gravimetric discharge capacity. With
1741 mAh - g(_S%) it provides around one and a half times the capacity supplied by the battery
containing the uncovered silicon material (G-Si(21%)-60m, 1112 mAh - g@%)). Even though the
G-C-Si(20%)-C30m battery exhibits the highest CR, it cannot achieve the highest gravimetric
capacity per silicon, but 1378 mAh - g(_sl).

i
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Figure 5.12: Averaged discharge capacity per silicon and cycle of batteries containing anodes from C3Hg treat-
ment for 15 (G-Si(20%)-C15m), 30 (G-Si(17%)-C30m), 60 (G-Si(19%)-C60m) and 90 min (G-
Si(19%)-C90m), the sample annealed under vacuum (G-Si(21%)-60m) and the twice CsHg treated
sample (G-C-Si(20%)-C30m).

The C-rate capability test of the a-C content variation series, G-Si(O)(24%)-C30m and G-
C-Si(20%)-C30m is shown in figure 5.13. This test reveals how much of the initial capacity
achieved at low C-rates can, firstly, be maintained when using faster C-rates and, secondly,
be re-obtained after the stress test. During the C-rate capability test the C-rate is stepwise
increased from C/10 to 10 C and reduced back to C/10 for the last set of cycles. A strong
reduction in the capacity for increasing C-rates refers to sluggish lithiation kinetics, caused,
for example, by low ion and electric conductivity. For evaluation of the capacity changes, the
capacity is plotted in relation to the discharge capacity of the very first cycle. The annealed
sample without a-C coverage (G-Si(21%)-60m) exhibits the lowest capacities for increased C-
rates and shows the lowest capacity recovery when the C-rate is reduced back to C/10. This
coincides with the improvement of the electrical conductivity of the anode materials reported
for a-C coatings.232l Among the propene treated nanocomposites, the G-Si(19%)-C60m battery
provides the highest capacities under increased C-rates and the highest capacity recovery. This

goes well in line with the previously observed superior performance of G-Si(19%)-C60m batteries
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in regular cycling. The capacities of the other batteries are located in between the G-Si(21%)-
60m and G-Si(19%)-C60m battery without identifiable trend.
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Figure 5.13: C-rate capability test of batteries containing anodes from CsHg treatment for 15 (G-Si(20%)-
C15m), 30 (G-Si(17%)-C30m), 60 (G-Si(19%)-C60m) and 90 min (G-Si(19%)-C90m), the sample
annealed under vacuum (G-Si(21%)-60m) and the twice CsHg treated sample (G-C-Si(20%)-
C30m).

Altogether the deposited a-C layer had a positive effect on the battery performance. Especially
the batteries containing G-Si(19%)-C60m anodes provided a high CR and the highest averaged
discharge capacity per cycle and silicon content over 100 cycles. Also, the batteries comprising
anodes made from twice propene treated material (G-C-Si(20%)-C30m) exhibited an outstand-
ingly high CR. This improvement could neither be attributed to distinct differences in the
1% cycle SEI formation, nor to the prevention of the silicon surface oxidation. Considering the
results from regular cycling tests and C-rate capability tests, the introduced a-C coverage more

likely provided the enhancement in the role of a cohesive and conductive agent.

5.3.3 Evolution of the anode material upon electrochemical cycling

After cycling, a G-Si(19%)-60m battery with low CR, a G-Si(19%)-C60m battery with inter-
mediate CR and a G-C-Si(20%)-C30m battery with the highest CR were dismounted in the
discharged state and the anodes were evaluated using SEM. All anodes exhibit an irregular
surface with darker and brighter areas, as depicted in figure 5.14 a) for the annealed sample
without a-C coverage. Images of higher magnification of the dark and bright regions are shown
in figure 5.14 b) and 5.14 ¢). The image of the brighter area reveals a rough surface structure,
while the image of the darker area exhibits a flat surface with cracks. Comparable results were
discussed in the previous chapter, where it was shown that this cracked layer grows with the

cycle number and contains fluorine, phosphorous, oxygen, carbon and lithium, but no silicon.
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It was identified as SEI, built up from electrolyte decomposition products and the silicon un-
derneath the SEI is only detectable in the cracks or on the uncovered regions, like the bright

areas.

500 pm

.30 pm

Figure 5.14: SEM images of a) a cycled G-Si(21%)-60m anode with images of higher magnification of b) the
dark and c) the bright region.

After cycling, the anode obtained from the sample treated with propene for 60 min (G-Si(19%)-
C60m) also exhibits an SEI with cracks. It does not cover the surface continuously, but is formed
locally and the fluorine signal for these regions prevails the signal of silicon (fig. 5.15 a, b). Upon
higher magnification the SEI with its cracks is clearly visible (fig. 5.15 ¢) and elemental mapping
with an interaction depth of around 700 nm confirms that a silicon signal can only be acquired
in the cracks (SI fig. 8.36). In between the SEI islands, on rougher regions (fig. 5.15 d), a silicon
signal is detectable using EDX with the same acceleration voltage, which indicates a thinner
SEI (SI fig. 8.37).

Figure 5.15: a) Secondary electron image with b) corresponding EDX elemental maps of silicon and fluorine
(700 nm interaction depth) and c, d) SEM images of cycled G-Si(19%)-C60m anode.

For the sample treated with propene before and after silicon deposition (G-C-Si(20%)-C30m),
which exhibited the highest CR, significantly less SEI is observed using SEM analysis. The
cracked SEI layer appears thinner and the cracks exhibit a different shape as can be seen

in figure 5.16 ¢) and in SI (fig. 8.38). Moreover, several spots on the anode surface appear
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completely uncovered with SEI (fig. 5.16 d). An elemental map reveals more distributed silicon
and fluorine signals over the surface (fig. 5.16 b). This supports the assumption that the formed
SEI on this sample is thinner compared to the one formed on the G-Si(19%)-C60m anode. In
turn this indicates that less SEI was formed, which is in accordance with the observed smaller

capacity loss.

100 pm
—

Figure 5.16: a) Secondary electron image with b) corresponding EDX elemental maps of silicon and fluorine
(700 nm interaction depth) and ¢, d) SEM images of cycled G-C-Si(20%)-C30m anode.

Besides the SEI formation, the development of the a-C layer during cycling was of great interest.
To explore the development of the a-C coverage, three cycled anodes were investigated using
TEM. An anode obtained from G-Si(12%)-C30m was (dis-)charged only seven times to inves-
tigate the short-term changes (fig. 5.17). Therefore, a cycling protocol with a constant voltage
sequence after each constant current charge and discharge sequence run at a current calculated
appropriate to a C-rate of 1C was executed. The cycling raw data is plotted in SI (fig. 8.39).
As can be seen in the high resolution (HR) TEM images (fig. 5.17 a, b) the materials original
structure is preserved. This includes partially crystalline and amorphous silicon droplets being
covered with an a-C layer of around 3 nm thickness. The elemental map in fig. 5.17 ¢) validates
that the droplets contain silicon. The presence of c-Si reveals that the anode material was not

completely lithiated, since after delithiation the crystalline silicon structure is destroyed.

The same material (G-Si(12%)-C30m) was (dis-)charged 27 times applying a current calculated
appropriate to a C-rate of 1C in a constant current mode without a constant voltage sequence.
The collected HRTEM image of the resulting material (fig. 5.18 a) depicts a mixed up structure.
The initially polycrystalline silicon is amorphised and the original a-C surface coverage is now
observed in fragments randomly distributed in the sample. Moreover, oxide species formed on
the silicon during cycling as can be seen in the elemental mapping. This strongly suggests

silicon-electrolyte contact during the cycling, leading to oxidation of the silicon. The shape

86



5 Carbon coverage of the silicon nanocomposite and its effect on the battery performance

of the silicon also changed, so that the initial silicon spheres of around 10 nm diameter more

resemble outstretched layers.

10 nm
fu

Figure 5.17: a, b) HRTEM and c) high-angle annular dark-field (HAADF) image with corresponding EDX
elemental maps of carbon and silicon of G-Si(12%)-C30m material after 7 cycles.

10 nm

Figure 5.18: a) HRTEM and b) HAADF image with corresponding EDX elemental maps of carbon, silicon
and oxygen of G-Si(12%)-C30m material after 27 cycles.

An STEM BF image of a G-Si(19%)-C60m anode cycled for 103 cycles, whose battery provided
the best cycling performance, can be seen in figure 5.19 a). As observed for the previous
anode material, the sample is mostly amorphous and no indication of a remaining a-C layer
is detectable. Likewise, oxide species are formed on the silicon, indicating silicon-electrolyte
interaction. Despite the deposited a-C layer was shown to be only maintained for a few cycles,
the battery performance was improved compared to batteries containing nanocomposites which
were not covered with a-C. This supports the assumption that the batteries stabilised capacity
is not caused by a continuous silicon surface protection by the a-C, but it is very likely that the
improved performance is caused by increased conductivity and cohesion of the anode material

by blending of a-C with the silicon during cycling.
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Figure 5.19: a) STEM BF and b) HAADF image with corresponding EDX elemental maps of carbon, silicon
and oxygen of G-Si(19%)-C60m material after 103 cycles.

5.4 Conclusion

The combination of silane and propene pyrolysis in a rotating LPCVD setup opens a large
variety of accessible syntheses of nanostructured silicon-amorphous carbon based nanocompos-
ites, with the silicon and amorphous carbon (a-C) content being controllable by the deposition
time. When the graphite-silicon nanocomposites were covered with a-C, the silicon sintered
due to the high treatment temperature and was prevented from oxidation when exposed to air.
By propene treatment of the graphite substrate before and again after silicon deposition also
sintered silicon was obtained, which was assumed to be completely encapsulated in a-C. The
cycling stability of batteries containing silicon-based anodes was improved by the coverage with
a-C. Yet, the improvement did not increase proportionally with the propene treatment time, but
in a range from 15 — 90 min propene treatment there was an optimum for batteries containing
the sample treated with propene for 60 min (G-Si(19%)-C60m). This nanocomposite exhibited
an a-C coverage of about 4.5 nm thickness, provided an outstanding averaged capacity over cy-
cling and a significantly improved C-rate capability. Also, batteries containing anodes obtained
from the a-C encapsulated silicon samples exhibited a significantly improved capacity retention
after 100 cycles. This was concurrent with an observed decreased solid electrolyte interphase
formation. Post-mortem TEM analysis of the a-C covered anode materials, however, revealed
that this a-C coverage could not be maintained over a larger number of cycles. Hence, the
improved battery performance could not be ascribed to silicon surface protection by a-C, but
was rather caused by the insertion of the carbons beneficial properties, like conductivity and

mechanical stability, through blending of the a-C inside the anode material during cycling.
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6 Beyond anode material modification - the
effect of battery parameters on LIB

performance

Abstract

To further extend the scope of lithium-ion batteries (LIBs), not only new electrode materials
are investigated, but other battery parameters are also modified, e.g. the battery housing, the
cycling protocol and the electrolyte composition. In this chapter selected criteria of the battery
cycling protocol and battery setup were adapted and their effect on the battery cycling perfor-
mance, the evolution of the anode material and the processes inside the battery were evaluated.
Therefore, firstly, the impact of the constant voltage sequence in a constant current — constant
voltage-based cycling protocol on the battery performance and the solid electrolyte interphase
development was investigated. Secondly, the lucrativeness of a restricted charging protocol,
which is based on bounded lithiation of the anode, was examined. Thirdly, anodes were cycled
in a modified battery setup combining an adapted protocol, an in-house designed battery hous-
ing and an electrolyte with additive. The resulting severe changes of the battery performance
were correlated with electrochemical processes using differential capacity analysis and the solid
electrolyte interphase morphology and composition using post-mortem analysis. Moreover, it
was investigated whether the improvements in battery performance obtained through anode

material optimisation were amplified or attenuated by the battery parameter optimisation.

6.1 Introduction

The application of silicon-based anodes in lithium-ion batteries (LIBs) as an alternative to the
commercial graphite-based anodes has been intensively studied. [18:192143,.69] Thig is attributed
to the attractive properties of silicon, including its high theoretical capacity (3579 mAh - g~!),
which exceeds the gravimetric capacity of graphite by nearly one order of magnitude, its appro-
priate lithiation potential, its abundant supply and its low toxicity. [46-48:56] While good progress
has already been achieved regarding the mechanical stability of silicon-based anodes by nano-
structuring of the material and hybridisation with conductive and buffering materials, such as
carbon, the batteries still do not meet the desired cycling stability. [48,199] Although the batteries

exhibit high initial capacities they suffer from continuous capacity loss during cycling, which
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is mainly attributed to two processes: firstly, the ongoing formation of an unstable solid elec-
trolyte interphase (SEI), and secondly, the irreversible accumulation of lithium-ions (Li-ions)
in the silicon material. 233 To counteract this capacity decay two main approaches beyond the
modification of the anode material exist, namely the adjustment of the battery cycling protocol

and the addition of electrolyte additives. 164

For the cycling of LIBs two protocol types are widely applied: constant current (CC) and
constant current — constant voltage (CC-CV), which in turn can be further modified by adaption
of the current density or the cut-off voltage. 231 In a CC-CV protocol the CC-sequence is usually
applied until a certain potential is reached. Then the CV-sequence follows, for which the reached
potential is maintained constant for a defined time, state of charge or residual current. [134,139]
This allows to achieve almost full battery capacity, however, it also entails an increase of the
charging time. For industrial application the (dis-)charging current densities prescribed by the
current rate (C-rate) are aimed to be as high as possible to achieve fast charging times. The
C-rate is given as the number of hours required for a full charge, so C/2 implies a complete

6] However, for CC-based protocols a continuous increase

charge in 2 h and 2 C in half an hour.
in the C-rate inevitably leads to capacity decay, since silicon lithiation is a diffusion controlled
process. 231 Cui et al.[*6% reported a drastic decrease of the capacity for increasing C-rates for
a silicon-carbon nanofibre composite, namely 1700 mAh-g~! for C/15, 1300 mAh-g~! for C/5
and only 800 mAh - g~! for 1C. High C-rates cause the initial cycles to be stable, but low in
capacity, because the silicon is not saturated with lithium. In this case, fresh silicon is lithiated
continuously with each cycle, so that the decay is merely postponed. Moreover, an overestimated
C-rate can cause lithium plating.[133] As opposed to this, it was reported that the C-rate also

234] Hence,

should not be too low for graphite containing anodes to avoid graphite exfoliation.
the C-rate needs to be adapted in such a way that the electrolyte decomposition leading to the

formation of a passivating film is faster than the solvent co-intercalation.

Incomplete anode lithiation is a widely applied method to increase the battery cycling life,
since the anode lithiation sequence is known to exhibit a significant influence on the LIB cycling
stability. [1327134] Therefore, two major techniques are employed: firstly, battery cycling in a more
restricted potential window, and secondly, restricting the depth of charge. Both methods aim
at reducing the silicon expansion and avoiding the crystallisation of Lij5Si4, which is associated

47.53,157] Restricting the depth of charge requires the pre-definition of the

with material stress. !
charge being injected into the battery. For a cut-off criterion of about 50 % of the total
battery capacity a very stable performance for 200 cycles was reported. 63138139 However, Lee
et al.['%] documented for silicon powder-based anodes that this technique only postpones the
battery failure. It was shown for batteries with differently set cycling capacities that with
the continuous decrease of the gravimetric capacity an increase in the achievable cycle number
was obtained for batteries with lower fixed capacities. It was demonstrated for the restricted
charging that the initial c-Si was not completely amorphised in the first cycle, but gradually

consumed with increasing cycle number. This implies that the aim to lithiate all silicon to only
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small lithium contents from the beginning on was not achieved using this method. Aiming at
a better control of the degree of silicon lithiation, the battery cycling potential window was
suggested to be restricted. It was reported that the formation of c-Li;5Sis was avoided and
cycle life was prolonged when the lithiation cut-off potential of LIBs containing silicon-carbon-
based anode materials was increased from 0 — 5 mV to 50 — 70 mV vs. Li/Lit [160:165,231]
This equivalently leads to a reduction in the battery capacity.[23®l An increase of the lithiation
potential from 0.01 V to 0.1 V reduced the gravimetric capacity of a silicon-carbon nanofibre
composite from 2000 mAh - g to 1300 mAh - g—1.16% The capacity of 1300 mAh - g~ was

1

reported to be stable over 47 cycles, while the capacity of 2000 mAh - g~ was stable over

30 cycles. When the number of cycles is multiplied by the capacity, the batteries provide an

1'and 60.0 Ah-g~!. Hence, the overall provided capacity is equal

overall capacity of 61.1 Ah-g~
for both methods. This could indicate, that the silicon-based batteries cannot outlast a specific

overall capacity, independent of the applied protocol.

As mentioned, another approach to counteract the battery capacity decay is the application
of electrolyte additives. They are intended to form a continuous passivation layer on the
silicon anode surface, preventing the shortening of the battery cycle life caused by continu-
ous electrolyte decomposition and Li-ion consumption during the cycling.[236! The addition of
fluoroethylene carbonate (FEC) to the widely used electrolyte mixture based on lithium hex-
afluorophosphate (LiPFg) dispersed in mixtures of ethylene carbonate (EC), diethyl carbonate
(DEC) and dimethyl carbonate (DMC) improved the cycling stability and coulombic efficiency
(CE) of silicon and silicon-carbon-based LIBs.[129:130,237-244] The exact mode of operation of
the FEC on the SEI improvement, however, is still under investigation. The reported FEC
contents in LiPFs-EC/DEC mixture electrolytes range from 3 — 25 wt.-% and the resulting
SEI was reported to be smoother, more uniform and to exhibit fewer cracks, as illustrated in
figure 6.1.[129,237.238,245] Pyrthermore, the SEI was observed to be thicker with FEC containing
electrolyte and at the same time the anode surface film resistance was reported to be signifi-
cantly lower. 139239 Similar results were documented for batteries with LiPF-EC/DEC(/DMC)
electrolyte mixtures containing 2 — 25 % FEC, where besides the capacity stabilisation, dense

240-242]

SEI formation and decreased electrolyte decomposition occurred. | Moreover, a decreased

overvoltage for (de-)lithiation and the prevention of HF diffusion through the FEC derived SEI

have been reported. [243,244]
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Figure 6.1: Illustration of SEI formed on silicon particles with LiPFg-EC/DEC electrolyte mixture a) without
FEC and b) with FEC.[!29]
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Moreover, the SEI exhibits another composition and undergoes less composition changes during
cycling when FEC is added to the electrolyte. 127246 While SEIs derived from FEC free elec-
trolytes contain mainly carbon and oxygen species, attributable to EC and DEC decomposition
products, SEIs derived from FEC containing electrolytes contain a larger amount of lithium
fluoride (LiF) and, moreover, insoluble polymeric species. [129] The difference in the SEI compo-
sition is caused by the fact that the decomposition of FEC takes place at higher potentials and
undergoes a different reductive decomposition reaction. In contrast to EC, the introduction of
the fluorine in FEC leads to a drop in the highest occupied and lowest unoccupied molecular
orbital energy levels of the former EC molecule, resulting in a higher reduction potential. [129:130]
Therefore, FEC decomposes before EC and DEC are reduced. A reductive decomposition mech-
anism of FEC in 1 M LiPFg EC/ethyl methyl carbonate (EMC) was suggested by Jung et al.['31]
(fig. 6.2). Several aspects are indicative of this mechanism. Firstly, formation of one mole COq
per mole FEC was observed. Secondly, the formation of a vinoxyl-radical is the most exergonic
reaction247 and thirdly, the vinoxyl-radical constitutes a plausible reactant for the observed
SEI components including the cross-linked polymers. However, the detailed reaction mechanism
of the reductive decomposition of FEC is very complex and widely discussed in literature. A
profound overview is given by Shkrob et al. 247 Independent of the detailed mechanism, whether

one or two electron reduction, direct de-fluorination or initial ring opening, in most pathways

reported a fluoride ion leaves the FEC molecule. 1292481
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Figure 6.2: Proposed single electron reductive decomposition of FEC, resulting in a vinoxyl-radical, CO2 and
LiF. 131

The resulting polymer, together with LiF, was reported to be responsible for the improved
SEI stability.['39] LiF was attributed to stabilise the SEI through Li-F interactions in the SEI
film component aggregates.[?*9] Herein, one fluorine atom was reported to be coordinated by
approximately three lithium atoms. Another side effect of the fluoride formation during cycling
is the elimination of Li,SiOy surface species, which are usually formed upon cycling in EC/DEC

based electrolytes. [237:239,250]

The SiOy is etched away, which was reported to increase the silicon
reactivity. Furthermore, the thermal stability of fully lithiated nanosilicon-based batteries is
enhanced from 153 to 200 °C with addition of FEC, due to polymerisation of FEC when it is in
contact with Li,Si at elevated temperatures and thereby creates a robust "secondary SEI".[251]
Regarding the optimum FEC content Wang et al.['3% reported 15 wt.-% FEC in 1 M LiPFg
EC/DEC electrolyte exhibited the best performance in a series from 0 — 20 %. However, the
FEC did not only affect the cycling stability, but also the C-rate capability, so that under higher

currents (12.5 A-g~!) the capacity was nearly six times higher compared to FEC-free batteries.
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Nevertheless, Jung et al. reported in a comparable study with 1 — 20 wt.-% FEC in a 1 M
LiPFs-EC/EMC electrolyte mixture that the FEC was continuously consumed and that the
capacity decayed suddenly as soon as the FEC was depleted. 131l

Therefore, the influence of the cycling protocol and the electrolyte on the anode materials de-
veloped in the former chapters is assessed in this chapter. More precisely, the effect of the
lithiation CV-sequence in a CC-CV protocol, the supposed improvements of restricted silicon
lithiation protocols and the influence of FEC on the battery performance and SEI formation
are evaluated. Therefore, anodes of various properties, namely graphite/Si NP mixtures, silicon
deposited by LPCVD on graphite and amorphous carbon covered graphite-silicon nanocompos-
ite samples were cycled under distinct conditions in different electrolytes. Their electrochemical
performance, the electrochemical processes and the SEI development were evaluated by compar-
ison of the gravimetric capacities, overall capacities, differential capacity plots and post-mortem

analysis.

6.2 Experimental

6.2.1 Graphite-silicon anode materials

The anode materials are listed in table 6.1. The silicon depositions were performed using an
in-house designed LPCVD reactor setup comprised of a gas supply facility (Ng and Ar, purity
99.999 %, Westfalen; SiH4, UHP, Air Liquide; C3Hg containing 5 vol.-% 5.0 O2, 10 vol.-%
2.5 C3Hg and 5.0 Ng balance, Westfalen), a three zone hot wall oven (HTM Reetz GmbH),
and a horizontally placed 1.2 m long by 4.5 cm in diameter quartz tube as main reaction
chamber. All gases were dried and filtrated using a dry bed cartridge (MC200, MicroTorr).
The depositions were performed using a rotary feedthrough motion quartz reactor insert (60 cm
by 3.5 cm diameter) composed of a 10 cm baffled deposition chamber, reaction gas exhaust
compartment, a glass frit, a quick connection holder and a rotary sealing (ALMA-M-KF-012-
V-U, Alma) mounted on a KF40 “T” piece. Prior to deposition all gas lines were purged
with Ny at 2 1- min~! for 1 h. The reactor insert was typically filled with 1.5 g of graphite
powder (KS6, Timcal) inserted inside the main reaction chamber and rotated at 2 rounds per
minute. The main chamber absolute pressure was set to the required pressure and the oven
heating zones were simultaneously heated from room temperature to the deposition temperature
with a ramp of 5 °C - min~! under 10 sccm argon flow. The oven calibration revealed a
T'sample=(20.80 + T'gyen - 0.99) (°C) correlation. In the following, given temperatures represent
the set temperature (T oven). The setup was thermally stabilised for 30 min prior to deposition
and cooled down to room temperature under a constant flow of argon after the deposition
process. Silicon was deposited at 450, 485 or 550 °C, for 1 — 3 h, at 10 sccm SiHy4 flow. Carbon
was deposited at 800 °C, for 1 h, at 9 mbar and 15 sccm C3Hg flow. The products were ground

in an agate mortar and stored inside an argon filled glove box (mBraun B790, Oy < 1 ppm Ionic
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System Trace Oxygen Sensor T0s 3.0). The detailed powder characterisation can be found in
the corresponding chapter listed in table 6.1.

Table 6.1: List of anode materials cycled in this chapter

sample synthesis properties

o G-SiNP-13% Si ~ graphite mixed with silicon 13 and 20 wt.-% silicon content

o G-SiNP-20% Si  nanoparticles (see chapter 4)

o G-450C-18% Si LPCVD SiHy4 at Toven = 450 or  deposition of 18, 19 and 22 wt.-%

© G-485C-19% Si 485 °C for 2 h amorphous silicon

o G-485C-22% Si (see chapter 4)

o G-550C-13% Si LPCVD SiHy4 at Toyen = 550 °C  deposition of 13, 22 and 30 wt.-%

© G-550C-22% Si for 1,2 and 3 h crystalline silicon

© G-550C-30% Si (see chapter 4)

© G-Si(19%)-C60m LPCVD SiHy at Toven = 485 °C 19 wt.-% polycrystalline silicon
for 2 h at 1 mbar then C3Hg deposition covered with ~4.5 nm
at Toven = 800 °C for 1 h a-C (see chapter 5)

6.2.2 Anode preparation and electrochemical tests

Anode preparation For the preparation of electrodes, polyacrylic acid (PAA, < 0.5 % benzene,
Sigma-Aldrich) was dispersed in an ethanol (Sigma-Aldrich) : 2-propanol (> 99.5 %, Carl Roth)
(6.25:1) mixture and stirred for 15 h. Then, carbon black (CB) (Super Conductive P, Alfa Aesar)
and the ground sample were added (PAA : CB : sample = 1 : 1.5 : 10), stirred and treated
in an ultrasonic bath. The prepared slurry was cast as a thin film on a 25 pm thick copper
foil (Cub8, bare, Schlenk) using a ZuA 2000 universal applicator (Zehntner) or a 4-sided film
applicator (VF2169-013, 60 mm, TQC), respectively set to a film thickness of 120 pm. The
films containing silicon nanoparticles were produced under the same conditions using a mixture
of KS6 and silicon nanopowder (Hongwu international group Ltd). Subsequently, the film was
dried for 15 h at 80 °C in a vacuum oven (VTR 5022, Heraeus). Hereafter, anodes of 10 mm in
diameter were punched out using a lever press, weighed and stored in an argon filled glovebox

(mBraun B790, Oz < 1 ppm Ionic System Trace Oxygen Sensor To0s 3.0).

Electrochemical testing For the regular and the restricted lithiation battery tests (table 6.2
and 6.3) a modified stainless steel Swagelok tube fitting (fig. 6.3) was electrically insulated by
a one-way 75 nm Kapton foil (Dr. Dietrich Miiller GmbH). The working electrode and counter
electrode (metallic lithium, 10 mm diameter, Xiamen Tob New Energy Technology Co.) were
sandwiched with two 25 pm thick separators (C2500, Celgard Inc., USA) in between and wetted
with 140 pl of a solution of 1 M LiPFy dissolved in a mixture of ethylene carbonate : diethyl
carbonate 1 : 1 wt.-% (Selectilyte LP40, Battery grade, BASF) electrolyte. The battery cell was
sealed with nylon ferrules (Swagelok) on both sides inside the argon filled glovebox. For the
modified battery testing 140 pl of a solution of 1 M LiPFg dissolved in a mixture of ethylene
carbonate, dimethyl carbonate and diethyl carbonate (EC:DMC:DEC = 1:1:1 wt.-%) (Selecti-
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lyte LP71, BASF) mixed with 10 wt.-% fluoroethylene carbonate (FEC, 99 %, Sigma-Aldrich)

were used as electrolyte and the batteries were cycled in a modified battery housing (fig. 6.3).

The electrochemical measurements were carried out using a Biologic MPG-2 battery cycler.

Figure 6.3: Illustration of the Swagelok (left) and self-designed (right) cell setup.

In the following tables (6.2-6.4) the cycling protocols are described. For the restricted charging

protocol the charging, i.e. the anode lithiation, was reduced to 55 % of the batteries actual
capacity. A detailed list of the batteries is given in SI (table 8.5).

Table 6.2: Cycling protocol and CC-CC-CV protocol

method C-rate C-rate final CV- final CV-
cycle cycle lithiation sequence delithiation  sequence
1-2; 103 3-102 potential (min) potential (min)

(V) V)
cycling C/20 1C 0.005 90 2 60
CC-CC-CV | C/20 1C 0.005 - 2 60
Table 6.3: Restricted charging protocol
cycle current CV-sequence final delithiation CV-sequence
(C-rate) (min) potential (V) (min)

1-5 0.13C - 1.5 -

6-20 0.67C - 1.5 -

21-35 1.70C - 1.5 -

36-65 3.30C - 1.5 -

66-80 1.70C - 1.5 -

81-95 0.67C - 1.5 -

96-100 0.13C - 1.5 -
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Table 6.4: Modified cycling protocol

cycle current final CV- break final CV- break
(C-rate) lithiation  sequence  (min) delithi- sequence  (min)
potential  (current) ation
(V) potential
V)

1 C/20 0.005 C/40 10 1.5 - 10
2 C/20 0.025 C/40 10 1.0 - 10
3-102 C/3 0.025 C/20 10 1.0 - 10
103 C/20 0.025 C/40 10 1.0 - 10

To calculate the gravimetric capacities of the anode materials the measured capacities were
divided by the mass of the active material. Since the weight of the copper foil varies strongly
while the mass of active material varies only slightly due to the casting process, the mass of the
active material could not be accurately determined by weighing of the entire anode. Therefore,
the active material was dissolved after cycling by ultrasonification in ethanol and the leftover
copper foil was weighed. The difference to the anode weight prior to cycling, i.e. the amount of
removed material, was set off against the binder and thereby resulted in the amount of active
material, including graphite, silicon and carbon black. However, for anodes needed for post-
mortem analysis this approach is not suitable. The capacity of these anodes was determined as
follows: For new anode materials with unknown gravimetric capacity, the theoretical capacity
was calculated based on 372 mAh - g~! gravimetric capacity for graphite and 3579 mAh - g~!
for silicon. The anode was cycled following the cycling protocol in table 6.2 with the current
congruous with the theoretical 1C C-rate, employing 50 instead of 100 cycles. Afterwards,
the amount of active material was determined. The gravimetric discharge capacities of the

5th

subsequently cycled anodes were then pinned in the cycle to the same gravimetric discharge

capacity as the previously dispersed anode.

6.2.3 Post-mortem analysis

After electrochemical testing the batteries were disassembled inside the argon filled glove box,
with the anodes being in the delithiated state. Then, the anodes were washed successively in
four flasks filled with 3 ml DEC (> 99 %, anhydrous, Sigma Aldrich) each and prepared for

SEM analysis on a transfer holder which provides an airtight seal.

Scanning Electron Microscopy SEM images were acquired on a Hitachi S-4800 microscope
using 1.5 kV accelerating voltage and 3 — 4 mm working distance. The anodes were mounted on
conductive carbon tape (Plano) on a transfer holder. Energy dispersive X-ray (EDX) analysis

was performed using a silicon drift detector (SDD).
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6.3 Results and discussion

6.3.1 Influence of the "Constant Voltage" anode lithiation sequence in a
"Constant Current — Constant Voltage" protocol

In the regular cycling protocol applied in this work one cycle consists of four steps:

(1) anode lithiation applying a constant current until 5 mV are reached (CC-sequence)
(2) application of 5 mV for 90 min (CV-sequence)

(3) anode delithiation applying a constant current until 2 V are reached (CC-sequence)
(4) application of 2 V for 60 min (CV-sequence)

To evaluate how the anode lithiation CV-sequence influences the battery performance and SEI
formation, a reliably performing material (G-485C-19% Si) was cycled using the regular protocol
(CVCV) and with skipped lithiation CV-sequence (CCV) (table 6.5). The cycling raw data (SI
fig. 8.40) illustrates that the gravimetric discharge capacities in the first two cycles run with the
current congruous with the theoretical C/20 C-rate are similar for the CVCV and CCV battery
(925 and 903 mAh-g~"! in 2" cycle). However, upon the 3™ cycle run at 1C the capacity of the
CCV battery drops to 512 mAh - g=! while the CVCV battery maintains 922 mAh - g=!. This
demonstrates the interplay of C-rate and protocol sequences. The anodes are lithiated to the
same degree using the C/20 C-rate, independent of the application of a CV-sequence, but when
lithiated faster, at 1C, the dismissal of the CV-sequence leads to a reduction in the capacity,
e.g. the state of achieved charge. This indicates that for a C-rate of 1C in the CV-sequence
significant amounts of charges are transferred when the potential is kept at 5 mV. Since for the
slow lithiation at C/20 the capacities did not depend on the lithiation-CV sequence it is unlikely
that these charges are transferred in side-reactions, but these charges are indeed involved in

anode lithiation.

Table 6.5: CVCV and CCV cycling protocols
label CC-lithiation CV-lithiation CC-delithiation CV-delithiation

CVCV 1C 90 min 1C 60 min
CCV 1C - 1C 60 min

The radar plot (fig. 6.4) illustrates seven expressive parameters of the cycling raw data plotted
in the SI (fig. 8.40). The comparison of the 10*", 5274 and 102" cycle gravimetric discharge
capacity in the radar plot gives an impression of the capacity fade. Since the CCV battery
exhibits a significant capacity instability after the C-rate increase in the 3" cycle, the compar-
ison starts with the 10'" cycle. Besides the fact that the capacity is significantly reduced for
the CCV battery over the whole testing, the comparison of these three axes reveals that while

the CVCV battery capacity declines stronger in the first half of the cycling than in the second
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half, it is the opposite case for the CCV battery. A capacity re-increase in the 103" (C/20)
compared to the 10274 (1C) cycle indicates that the capacity losses in the final capacity are at
least partially reversible for slower C-rates. For the CCV battery this re-increase in capacity
is significant, which supports the assumption that the low capacity in the previous cycles is
mainly caused by kinetic hindrance and not by irreversible active material loss. Not only does
the capacity of the CCV battery exceed the capacity of the CVCV battery in the 103™ cycle,
but moreover, the CCV battery capacity reaches 60 % of the capacity achieved in the 2" cycle,
while the CVCV battery reaches only 48 %. This strongly suggests, that a significant amount of
the anode material is not lithiated during the cycling at 1C and re-activated in the 103" cycle
for the CCV battery. The capacity retention (CR) is the ratio of the final to the initial capacity
cycled at 1C and is therefore a direct indication for how much capacity is lost over cycling.
The CVCV battery exhibits the higher CR, which indicates that the lithiation CV-sequence
does not only increase the capacity, but also stabilise the capacity during the cycling at 1C.
The 1% cycle coulombic efficiency (CE) illustrates the amount of charges lost in the very first
cycle at C/20 and therefore reveals differences in the reaction of the fresh anode material with
the electrolyte. The standard deviation of the CE (o¢cg) is derived from the CE generated at
1C, excluding all CE outliers above 120 %. Both batteries exhibit similar values for these two
characteristics, which is consistent with these two characteristics being more dependent on the

anode properties than the cycling protocol.
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Figure 6.4: Radar plots of the performance of G-485C-19% Si batteries cycled with CVCV and CCV protocol.

The differential capacity plots (DCPs) in figure 6.5 depict the delithiation sequence of the CVCV
and CCV batteries in the 2°¢ cycle run at C/20 and an overlay of the 3™ — 102" cycle run
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at 1C. In the 274 cycle the peaks attributed to delithiation of graphite and silicon are clearly
visible. The dominant peak at about 430 mV is attributed to the delithiation of c-Lij5Sis while
the broad peaks around 260 — 350 mV and 475 mV are attributed to the delithiation of a-Lis ¢Si
and a—L13,5Si.[53’577157’158] The DCP of the CCV battery is very similar to that of the CVCV
battery, however, it shows a slightly decreased peak for the delithiation of c-Li;5Si4, while the
peaks attributed to the delithiation of the amorphous compounds are slightly increased. When
the CVCV battery is cycled at 1C the peaks in the DCPs remain, but become ill-defined and are
slightly shifted to higher potentials. For the CCV battery the peak attributed to the c-Lij5Siy
delithiation vanishes when the C-rate is increased to 1C. This non-appearance of delithiation
indicates that c-Lij5Si4 is not formed to a detectable extent without the lithiation CV-sequence
at higher C-rates. This corresponds to an insufficient lithiation of the anode and the observed
decreased capacity. In literature, it is widely suggested to cycle silicon containing batteries
without formation of c¢-Li;5Sis to improve the battery performance. 47231571 The CCV battery,

however, did not show a superior cycling performance compared to the CVCV battery.
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Figure 6.5: Differential capacity plots of the CVCV and CCV battery anode lithiation in the a) 2"¢ cycle and
b) as an overlay of the 3' — 102™¢ cycle.

SEM investigations of the cycled CVCV and CCV battery anodes reveal that a solid electrolyte
interphase (SEI) is formed on both samples. The cracked SEI morphology (fig. 6.6 a, b),
which was typically observed in this work for regularly cycled anodes (CVCV protocol) is less
pronounced for the CCV battery anode (fig. 6.7 a, b). The cracked SEI is restricted to some
areas on the CCV battery anode surface and it is thinner. The decreased thickness is confirmed
by EDX measurements (fig. 6.7 d). With an interaction depth of 700 nm, silicon signals are
detectable in areas with SEI coverage for the CCV battery anode, whereas for the CVCV battery
anode silicon can only be detected in the cracks (fig. 6.6 d). Hence, the results indicate that

the omission of the lithiation CV-sequence leads to less SEI formation.
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5 um

Figure 6.6: a, b) SEM images and c) secondary electron image with d) corresponding silicon elemental map of
a CVCV battery anode.

Figure 6.7: a, b) SEM images and c) secondary electron image with d) corresponding silicon elemental map of
a CCV battery anode.

XPS analysis of a pristine anode and the cycled CVCV and CCV battery anodes exhibits a
strongly reduced silicon signal for both cycled anodes. The respective XPS spectra of the
cycled anodes are very similar and presented in SI (fig. 8.42). The Cls spectra exhibit C-C
and C-H contributions from the graphite support and the carbon black. Moreover, at 289 eV a
carbonate contribution is visible, which is likely caused by inorganic carbonates. The shoulder
at higher binding energies further suggests C-F species. Despite the conformity of the spectra,
a small decrease in fluorine (2.2 %) and phosphorous (0.4 %) content is observed for the CCV
compared to the CVCV battery anode which goes in line with the observed decreased SEI
formation detected using SEM and EDX.
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Altogether upon battery cycling at a C-rate of 1C the omission of the anode lithiation CV-
sequence led to a significant loss in capacity and the peak indicative for the formation of
c-Lij5Siy was absent in the differential capacity analysis. However, this did neither lead to an
improvement in the overall battery capacity, nor in the capacity retention. Yet, SEM, EDX and
XPS analysis suggested that less SEI was formed on the anode surface when the CV-sequence

was omitted.

6.3.2 The effect of restricted charging on the battery performance

In this section selected samples, namely a graphite/Si NP mixture with 20 wt.-% silicon (G-
SiNP-20% Si), graphite with a-Si deposition (G-450C-18% Si) and graphite with silicon depo-
sition and additional a-C coverage (G-Si(19%)-C60m) were cycled using a restricted charging
protocol. It differs in three characteristics from the regular cycling protocol used in this work
as listed in table 6.3. Firstly, the anode lithiation (1%* CC-sequence) is not restricted by a
potential, but by the injected charges. Therefore, the lithiation currents were calculated with
a hypothetical silicon capacity of 1500 mAh - g~! instead of 3579 mAh - g~!. Secondly, the
CV-sequences are dismissed, and thirdly, the C-rate is varied. The gravimetric discharge ca-
pacities and CEs for the respective cycle and C-rate are presented in figure 6.8. The recorded
gravimetric discharge capacities are bound to the fixed state of charge (SOC) of around 56 %,
controlled by the applied current (table 6.6). The G-450C-18% Si battery provides the most
stable performance with a CR of 99.6 % after 100 cycles. The G-SiNP-20% Si battery exhibits
an equally high CR of 99.5 %, but suffers from capacity decay at higher C-rates, as clearly de-
picted by the CE. The G-Si(19%)-C60m battery undergoes slow but continuous capacity decay
independent of the C-rate, leading to a CR of only 99.0 %. It is noteworthy that all samples
show an outlier in the capacity and CE in the first cycle upon C-rate reduction. This might be
attributed to the recovery of lithium trapped during cycling at the respectively higher C-rate.
The initial gravimetric discharge capacity and CR obtained from the restricted lithiation cycling
are compared to the respective values for the regular cycling protocol in table 6.6. The CR is
more than doubled for the restricted lithiation protocol. However, the gravimetric capacities
are close to the theoretical capacity of graphite (372 mAh - g~!). Regarding trends in the sta-
bility of the battery performance referring to the anode material for the two cycling protocols,
for both methods the G-450C-18% Si provided the highest CR. However, the lowest CR was
provided by the G-SiNP-20% Si battery for the regular cycling and by the G-Si(19%)-C60m
for the restricted charging protocol. Even though the differences are small, this comparison
displays how distinct evaluated characteristics for anode materials may vary with the cycling
method.
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Figure 6.8: C-rate, coulombic efficiencies and gravimetric capacities as a function of the cycle number for G-
450C-18% Si, G-SiNPs-20% Si and G-Si(19%)-C60m batteries cycled with a restricted charging
protocol.

Table 6.6: Initial gravimetric discharge capacity ("capacity"), capacity retention (CR) and reached state of
charge (SOC) for G-450C-18% Si, G-SiNP-20% Si and G-Si(19%)-C60m batteries cycled regularly
with a C-rate of 1C and with restricted charging (C-rate 0.13C)

regular (1C) restricted (0.13C)
sample capacity CR | capacity CR  reached
(mAh-g™") (%) | (mAh-g™) (%) SOC (%)
G-450C-18% Si 886 44.6 | 461 99.6 52
G-SiNP-20% Si 910 41.2 | 526 99.5 58
G-Si(19%)-C60m | 910 43.3 | 541 99.0 59

Whether the stable performance of the batteries cycled with the restricted charging protocol
can compensate the low provided capacity, was evaluated on the basis of the overall capacity.
Therefore, the capacities of all 100 cycles are added up, normalised per cycle and compared to
the overall provided capacity of the regularly cycled batteries. In case of the G-450C-18% Si
batteries (fig. 6.9 a) it is clearly visible that the integral of the curve for the regularly cycled
battery is bigger than for the one which was cycled with lithiation restriction. The initial
gravimetric capacity of the regularly cycled battery is almost two times bigger. Hence, despite
the capacity decay, over 100 cycles a higher overall capacity was provided by the regularly cycled
battery. The ratios of the overall capacities achieved by the batteries cycled with restricted
charging and the regularly cycled batteries are plotted in figure 6.9 b). The G-SiNP-20% Si
battery provides the lowest overall capacity for regular cycling and 89 % of this capacity can
be provided by the restrictedly cycled battery. The batteries containing anodes obtained from
LPCVD processes (G-450C-18% Si and G-Si(19%)-C60m) provide higher overall capacities in

the regular cycling and the respective batteries cycled with restricted lithiation can only provide
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75 and 80 % of the overall capacity. Hence, the efficiency of the restricted lithiation protocol

depends on the anode material.
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Figure 6.9: a) Gravimetric discharge capacity as a function of the cycle number for G-450C-18% Si batteries
cycled regularly and with restricted charging and b) averaged capacity over 100 cycles for regularly
and restrictedly cycled batteries.

The differential capacity plots (DCPs) of the 3" and the 100" delithiation cycle of the G-
450C-18% Si, G-SiNP-20% Si and G-Si(19%)-C60m batteries cycled with restricted lithiation
are presented in figure 6.10. For all DCPs the peak attributed to the delithiation of c¢-Li;5Siy,
which usually appears at around 430 mV, is absent. This indicates that no c-Lij5Si4 is formed
during the cycling. The broad peaks around 300 and 480 mV visible in the 34 delithiation DCP
are ascribed to delithiation of a-LixSi compounds.[5"157] In the DCPs of the 100" delithiation
sequence these peaks are still visible for the LPCVD generated samples. On the contrary, the G-
SiNP-20% Si battery exhibits only very small and broad peaks. This indicates that the Si NPs
are significantly less electrochemically active and goes in line with an observable lower potential
onset of the DCP. If continuously less Si NPs are active, the battery reaches continuously lower
lithiation potentials upon the uptake of the same amount of charges. Hence, upon lithiation
lower potentials are reached (SI fig. 8.41 b) and the subsequent onset of the delithiation is

shifted to lower potentials.

Concluding, the restricted charging cycling led to an increased cycling stability over 100 cycles.
However, the gravimetric capacities of the batteries were low, so that the overall provided
capacity was smaller than for the regularly cycled batteries. However, this might change if
the cycle number is increased beyond 100 cycles. With an ongoing constant performance the
overall capacity of the restrictedly cycled cells could surpass the overall capacity provided by
the regularly cycled batteries. However, there are indications in literature that the restricted
cycling protocol just postpones the capacity decay, so that the overall provided capacity of the

battery remains similar only stretched over a higher number of cycles. [123:160]
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Figure 6.10: Differential capacity plots of a) 3" and b) 100"® delithiation of G-450C-18% Si, G-SiNP-20% Si
and G-Si(19%)-C60m batteries, cycled with restricted charging.

6.3.3 Investigation of the influence of combined modified battery protocol,
electrolyte and housing on the battery performance

Selected samples were cycled in a self-designed battery housing with a modified protocol and
an electrolyte mixture containing dimethyl carbonate with 10 wt.-% fluoroethylene carbonate
(FEC). The modified cycling protocol contains several parameters, which are considered helpful
to promote a longer cycle life for silicon based batteries, including lower C-rates and a restricted
cycling window (table 6.4).1'65231 Through comparison with the regularly cycled batteries it
is evaluated how much the battery performance is affected by these battery parameters and
whether the differences in performance between the synthesised anode materials are amplified
or swallowed in the modified setup. The cycling raw data are presented in SI (fig. 8.43-8.46) for
all samples, namely the batteries containing anodes made from graphite (G), from 2 h silicon
deposition at 450 °C (G-450C-18% Si), 2 h silicon deposition at 485 °C (G-485C-22% Si), 1 h
silicon deposition at 550 °C (G-550C-13% Si), 2 h silicon deposition at 550 °C (G-550C-22% Si),
3 h silicon deposition at 550 °C (G-550C-30% Si), graphite/Si NP mixture (G-SiNP-13% Si)
and 2 h silicon deposition at 485 °C with 1 h amorphous carbon (a-C) coverage (G-Si(19%)-
C60m). The overall capacities provided by the modified batteries in 100 cycles averaged per
cycle and silicon are presented in figure 6.11. Moreover, they are compared to the capacities
of the regularly cycled batteries. The G-550C-30% Si and G-Si(19%)-C60m batteries exhibit
a decrease in the provided capacity. Accordingly, the modification of the battery setup is
not suitable for batteries containing anodes with high silicon contents (~30 wt.-%) or anodes
where the silicon is covered with amorphous carbon. For batteries containing anodes obtained
from a-Si depositions (G-450C-18% Si and G-485C-22% Si) a capacity increase of 121 % and
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107 % compared to the regularly cycled batteries, is observable. A more distinct increase of

143 — 188 %, is achieved for anodes obtained from c-Si depositions and the Si NP mixture.
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Figure 6.11: Gravimetric discharge capacity per mass silicon averaged over 100 cycles for batteries cycled
regularly and in the modified setup. These include batteries of four categories: a-Si deposition
(a-Si), c-Si deposition (c-Si), Si NP /graphite mixture (Si NPs) and a-C covered graphite-silicon
nanocomposite (G-SiQC).

A clearer impression of the battery performances can be obtained from comparison of the
corresponding radar plots. They depict seven expressive parameters of the cycling test. The
comparison of the 3'4, 5274 and 102" cycle gravimetric discharge capacity illustrates the capac-
ity fade. It is clearly visible how much capacity is provided by the battery in the beginning and
how much is lost after 50 and 100 cycles. A re-increase in the 103" compared to the 102" cycle
gravimetric discharge capacity indicates that the capacity losses in the final capacity are at least
partially reversible for slower C-rates. The capacity retention (CR) is the ratio of the final to
the initial capacity and therefore a direct indication for how much capacity is lost over cycling.
The 15 cycle coulombic efficiency (CE) gives the amount of charges lost in the very first cycle
at C/20 and accordingly reveals differences in the reaction of the fresh anode material with the
electrolyte. The standard deviation of the CE (ocg) was derived from the CE generated at
1C, excluding all CE outliers above 120 %. It illustrates the steadiness of the CE over cycling.
Higher values in ocg are an indication for either outliers in the CE or occurring local decays in
the CE.

In figure 6.12, the radar plots of batteries containing anodes with 13 wt.-% (G-550C-13% Si)
and 22 wt.-% ¢-Si deposition (G-550C-22% Si) and the reference graphite (G), cycled in the
modified and in the regular setup are compared. When the reference graphite anode is cycled

in the modified setup, its gravimetric discharge capacity is reduced from 346 mAh - g=! to
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309 mAh-g~! but its stability is maintained. The silicon containing batteries also exhibit lower
initial gravimetric capacities in the modified setup, but at the same time a massive improvement
in the capacity maintenance over cycling. The reduced initial capacities for all batteries are
attributed to the decreased cycling potential window, i.e. a smaller degree of charging. The
capacity of the 103" cycle is increased less for the modified setup batteries then for the regularly
cycled ones. This indicates that the lithiation is less kinetically hindered in the modified setup,
for example due to a more conductive SEI, hence the capacity is less dependent on the C-rate.
The improved capacity stability in the modified setup leads to a significantly increased CR from
49 % to 92 % for the G-550C-13% Si battery and from 32 % to 88 % for the G-550C-22% Si
battery. The 15 cycle CE is significantly lower for the batteries cycled in the modified setup,
which agrees well with the electrochemical processes reported for FEC in lithium-ion batteries.
The contained FEC was reported to exhibit higher reductive potentials and therefore undergo
chemical reactions before other organic electrolyte components do. [129,237,239] Hence, the reduced
1% cycle CEs for the modified setup batteries can be ascribed to FEC decomposition. The high
standard deviation for the G battery cycled in the modified setup is caused by a significantly
decreased CE to on average 92 % over the first 50 cycles. For the silicon containing batteries,
the standard deviation of the CEs over cycling is not significantly affected by the modified

setup, but it increases with higher silicon contents.
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Figure 6.12: Radar plots of the performance of G, G-550C-13% Si and G-550C-22% Si batteries cycled in the
regular and the modified (mod.) setup.

In figure 6.13, the performance of batteries containing 13 wt.-% c-Si deposition (G-550C-13% Si)
and the graphite/Si NP mixture (G-SiNP-13% Si) with 13 wt.-% Si NPs are compared for the

regular and modified setup. Again, both samples exhibit lower initial gravimetric capacities for
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the modified setup, which can be maintained significantly longer, so the CR is increased from
49 % to 92 % for the c-Si deposition and 59 % to 85 % for the Si NP mixture. Consistent with
the previous paragraph the 15¢ cycle CEs are significantly lower for the modified setup batteries
and for the standard deviation of the CE no significant changes are observed. Notably, the
battery with the LPCVD anode provides superior capacity and a higher CR compared to the
Si NP-based battery, while in the regular setup the opposite trend was observed.
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Figure 6.13: Radar plots of the performance of G-550C-13% Si and G-SiNP-13% Si batteries cycled in the
regular and the modified (mod.) setup.

In figure 6.14, radar plots derived from cycling of batteries containing anodes obtained from
silicon deposited at 450, 485 and 550 °C are compared in the regular and modified battery
setup. The differences between modified and regularly cycled batteries are analogous to the
previous samples. The CR is increased from 45 % to 81 % for the G-450C-18% Si battery, 42 %
to 67 % for the G-485C-22% Si battery and 32 % to 88 % for the G-550C-22% Si battery. While
no difference in the 15 cycle CE was observed for the varying deposition temperatures in the
regular setup, the 15 cycle CEs is notably higher for the G-450C-18% Si battery in the modified
setup. The standard deviation of the CE (ocg) over cycling is nearly identical for the batteries

cycled in the modified setup, while in the regular setup a small divergence was observed.
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Figure 6.14: Radar plots of the performance of G-450C-18% Si, G-485C-22% Si and G-550C-22% Si batteries
in the regular and the modified (mod.) setup. The 1°° cycle CE of the regularly cycled G-485C-
22% Si battery is taken from a replica (not marked with a star).

The differential capacity plots (DCPs) contain further information about the battery processes.
In literature, a characteristic peak in the 1% cycle between 0.42 — 1.5 V is assigned to the
reductive decomposition of FEC and the reduction of the native silicon oxide layer. [238,239,251]
Similar reductive peaks were observed in the DCPs of the investigated batteries in the modified
setup around 1 V as can be seen in SI figure 8.47. The effect of the modified setup on the 274
and 103" cycle DCPs is in the following exemplarily discussed for the G-550C-13% Si batteries,
the 15 cycle DCP is presented in SI (fig. 8.48). In the 2™ cycle the cut-off voltage for the anode
lithiation is increased from 5 to 25 mV for the modified cycling, as displayed in figure 6.15 a).
The decreased lithiation entails a less pronounced oxidative peak at 450 mV, attributed to the
delithiation of ¢-Lij5Siy [47:58:160,161] " »g depicted in the delithiation sequence (fig. 6.15 c¢). This
indicates a smaller degree of silicon lithiation, which is consistent with the observed decreased
battery capacity. The 103' cycle DCPs of the batteries cycled in regular and modified setup
show more pronounced differences. The 103' cycle lithiation DCP of the modified battery
exhibits still notable peaks around 270 — 220, 85 and 50 mV, which are attributed to the
formation of a-LiySi and c¢-Lij5Siy compounds (fig. 6.15 b).[57’157’158] In comparison to the
2nd cycle DCP, the peak intensities decreased only slightly. However, this is not the case for
the battery cycled in the regular setup, which almost exclusively exhibits the typical graphite
lithiation peaks (DCP of graphite see SI fig. 8.18). The significantly smaller silicon activity
for the regularly cycled battery derived from the DCPs is in accordance with the observed low

capacity (406 mAh - g~!) approaching the capacity of the graphite reference (352 mAh - g=1).
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In contrast to this, the battery cycled in the modified setup with more pronounced peaks in the

103 cycle DCP also maintained a capacity of 584 mAh - g~
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Figure 6.15: Differential capacity plots for a) 2"¢ and b) 103™® anode lithiation and ¢) 2"¢ and d) 103" anode
delithiation of G-550C-13%-Si batteries cycled in the regular and modified (mod.) setup.

In literature the improved cycling performance of batteries containing FEC is mostly ascribed
to the impact of the FEC on the solid electrolyte interphase (SEI) formation. The images
of the G-550C-22% Si anode cycled in the modified setup are compared to a regularly cycled
G-550C-22% Si anode in figure 6.16. More images are shown in SI (fig. 8.49). The anode
surface of the regularly cycled battery features irregular coverage with SEI, the SEI appears
thick and exposes cracks. The surface of the anode cycled in the modified system containing

FEC looks significantly different. The anode exhibits "dark" and "bright" regions on the
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surface (fig. 6.16 b). A higher magnification of the dark regions reveals a desert rose-like
surface structure, as shown in figure 6.16 c). Images of the bright areas expose a structured
surface layer (fig. 6.16 d), which partially preserves the original morphology of the anode surface
(fig. 6.16 e).

Figure 6.16: SEM images of G-550C-22% Si anodes cycled in the a) regular and b-e) modified setup.

The EDX spectra collected on "dark" and "bright" areas of the anode cycled in the modified
setup are presented in figure 6.17. They are directly compared to the EDX spectra of the
regularly cycled G-550C-22% Si anode, collected on the cracked SEI ("SEI") and in the cracks
("cracks"). No silicon signal, but carbon, oxygen, phosphorous and fluorine are detectable
on the SEI formed during regular cycling using EDX analysis. Silicon is only detectable in
the cracks between the SEI islands. Both EDX spectra, "SEI" and "dark", match regarding
the absence of the silicon signal and vice versa the silicon signals of the "crack" spectrum
matches with the silicon signal of the "bright" spectrum. Hence, the SEI formed in the dark
areas with the desert rose-like structure shields the graphite-silicon nanocomposite like the
SEI observed on the regularly cycled anode and from the bright areas a good silicon signal is
acquired, comparable to the one collected in the cracks of the regularly cycled anode. Further
comparison of the "dark" and "SEI" spectra demonstrates that for the anode cycled in the
modified setup the phosphorous signal is dramatically increased and the carbon signal nearly
vanished. Combined with the pronounced oxygen signal, this indicates that the desert rose-like
structure contains mainly phosphate species. Despite the similar silicon signal, the residual
EDX spectra of the "bright" and "crack" spots also exhibit differences. The anode cycled in
the modified setup features a significantly increased fluorine signal, while carbon and oxygen
are drastically decreased. This supports the reported increased LiF content of FEC-derived
SEIs. 3] Furthermore, the decreased carbon signal suggests less EC and DEC decomposition
products in the SEI.
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Figure 6.17: EDX spectra of G-550C-22% Si anodes cycled in regular (dotted lines) and modified (continuous
lines) setup.

Altogether most batteries cycled in the modified system with adapted battery housing, protocol
and electrolyte exhibited a drastic stabilisation of the capacity. Differential capacity analysis
revealed that in batteries cycled in the modified setup the contained silicon is still electrochem-
ically active in the 103" cycle, in contrast to the silicon in regularly cycled batteries. This can
be attributed in a large part to the addition of FEC to the electrolyte in the modified setup.
The derived SEI was of different composition and featured different morphologies. Compared
to the SEI derived in regularly cycled batteries the "modified" SEI contained significantly less

carbon species and a desert rose-like structure being rich in phosphorous and oxygen.

6.4 Conclusion

In this chapter the influence of battery setup parameters beyond the anode material modifica-
tion were investigated. The omission of the anode lithiation constant voltage (CV) sequence in a
constant current — constant voltage (CC-CV) protocol was shown to have a significant effect on
the battery capacity and cycling stability. Not only did the application of such a CV-sequence
cause a more steady capacity performance and a higher capacity retention of the battery, but
also it involved a significant increase in the battery capacity, caused by remaining anode lithia-
tion. Incomplete lithiation after the CC-sequence appeared for graphite-silicon nanocomposite
anodes cycled using currents corresponding to a current rate of 1C. At the same time less solid
electrolyte interphase was observed on the anode surface for anodes cycled without a lithiation
CV-sequence. A restricted charging protocol led to a stable battery capacity performance with
capacity retentions of 99.0 — 99.6 % over 100 cycles, yet, only for gravimetric capacities close to

the one of graphite. Therefore, the overall provided capacities over 100 cycles were smaller for
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the batteries cycled with the restricted charging protocol compared to the ones cycled regularly.
Even though the differences for distinct anode materials tested with the restricted charging pro-
tocol were minor, stability trends of the anode materials changed such that the usually stable
performing amorphous carbon covered nanocomposite batteries provided the lowest capacity
retention. This strongly suggested that electrochemical investigations carried out in different
setups have to be compared carefully. By modifying the battery housing, the electrolyte and
the cycling protocol at the same time a significant improvement of the battery performance was
achieved, especially for samples containing crystalline silicon. This improved performance was
mainly attributed to the modified solid electrolyte interphase formation. Batteries containing
amorphous silicon deposition, which used to prevail regarding the overall capacity in the reg-
ular setup, were outdistanced by the batteries with crystalline silicon anodes when cycled in
the modified battery setup. Hence, the battery performance is affected by the anode material
as well as by the other battery parameters. However, these parameters have to be modulated
iteratively, since cycling stabilisation through material adjustment does not necessarily persist

in the modified setups and vice versa.
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7 Summary and final conclusion

The last decades have been an eventful time for research in the field of lithium-ion batteries
(LIBs) and silicon emerged as a potential anode material. Whether silicon can serve as a reliable
anode material in LIBs was the vital point of the investigations presented in this work. More
precisely, promising approaches to improve the electrochemical performance of silicon-based
batteries were evaluated. This includes the modification of the silicon content, the alteration of
the silicon morphology, the coverage of the silicon surface with carbon and modifications in the
battery setup. Taken as a whole, the relevance of the material properties, testing conditions

and the solid electrolyte interphase (SEI) formation on the battery performance were evaluated.

Graphite-silicon nanocomposites obtained from low pressure chemical vapour deposition of sil-
icon on graphite flakes emerged with high reproducibility, facile tunability and cleanness of the
synthesis method as the fundament for the silicon anode materials investigated in this work.
Reliable modifications of the silicon deposit properties were achieved by the variation of the
deposition parameters, i.e. the silane treatment time, temperature and pressure. An additional
amorphous carbon (a-C) coverage of the nanocomposites was attained by pyrolysis of propene.
The respectively obtained anodes were cycled with various protocols in different battery setups
and analysed post-mortem to obtain a more thorough impression of the changes of the anodes

during electrochemical (de-)lithiation.

Regarding the influence of the silicon properties on the battery performance the variation of
the silicon content and crystallinity was investigated. As shown in chapter 4.3.2 an increase
in the silicon content entailed an increase in the initial gravimetric capacity, so that batteries
with 22 wt.-% silicon in the anode active material provided around 1000 mAh - g~!, which
are desired in order to achieve a worthwhile improvement of the LIB capacity. However, with
increasing silicon content the battery capacity also decayed stronger during cycling, such that
after 100 cycles the capacities dropped nearly to the gravimetric capacity of graphite, inde-
pendent of the initial capacity. To obtain a more thorough impression of the capability of
the batteries presented in this work figure 7.1 depicts the comparison of the provided battery
performances of selected batteries related to a model battery providing 1000 mAh - g=! with-
out decay over 100 cycles. Whether the capacity decay can be avoided by modification of the
silicon crystallinity, was investigated by adjustment of the silicon deposition temperature. It
was shown that a higher degree of silicon crystallinity especially affected the batteries’ coulom-
bic efficiency (CE) in the first 40 cycles. Altogether the capacity decay was not completely

avoided, but weakened for batteries containing amorphous silicon (a-Si) deposition, the most
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for a-Si deposited at 485 °C. Two batteries comprising anodes from two hours depositions at
485 °C (G-485C-22% Si) and 550 °C (G-550C-22% Si), the latter resulting in crystalline silicon
(c-Si) deposition, are compared on the scale of the model battery in figure 7.1. Both batteries
provided equivalent, sufficiently high initial capacities, but the battery containing a-Si cycled
more steadily, leading to a higher capacity retention (CR) after 100 cycles and a higher overall

capacity.

The effect of the coverage of the graphite-silicon nanocomposite with a-C on the battery per-
formance was discussed in chapter 5.3.2. Degpite the finding that the high a-C deposition
temperature generated highly crystalline silicon deposit and that a-C surface layer did not
outlast the first quarter of the cycling, the cycling performance was improved for particular
propene treatment times. Hence, a-C certainly did not serve as a continuous surface protection,
but rather enhanced the anode properties by intermixing with the underlying nanocompos-
ite. The observed battery performance improvements included stabilisation of the CE and, for
some samples, an increased CR after 100 cycles compared to other batteries containing highly
crystalline graphite-silicon nanocomposite anodes. In figure 7.1 the battery characteristics of a
G-Si(19%)-C60m battery, which provided the highest capacity averaged over 100 cycles of the
a-C deposition series, are presented. Despite the contained highly crystalline silicon this battery
provided a performance comparable to the G-485C-22% Si battery comprising a-Si. Further,
it was found that the deposited a-C layer needs to be controlled precisely, since the beneficial
effect on the battery performance did not continuously increase with the a-C deposition time,
but was maximum for an a-C layer thickness of 4.5 nm. An experiment with propene treatment
before and after silicon deposition (G-C-Si(20%)-C30m) also resulted in anodes, which provided
an improved battery CR as shown in figure 7.1. This indicates that innovative carbon-silicon
nanocomposites deposited by CVD may represent a worthwhile material group to further the

application of silicon-based anode materials in LIBs.

With regard to the battery cycling protocol parameters, in chapter 6.3.1 it was shown that the
anode lithiation constant voltage sequence was of great relevance to achieve complete lithiation,
and therefore higher capacities when the batteries were (dis-)charged in one hour. When the
batteries were cycled with restricted lithiation to about 56 % state of charge, a stable perfor-
mance over 100 cycles was achieved (chapter 6.3.2). Thereby, the CRs increased on average by
56.3 % to an average CR of 99.4 % after 100 cycles, as shown using the example of a G-Si(19%)-
C60m battery in figure 7.1 (G-Si(19%)-C60m-rest.). However, when the provided charges were
added up over 100 cycles, the overall capacities provided by the regularly cycled batteries were
higher despite the capacity decay. This trend might change when the cycling is extended be-
yond 100 cycles or the state of charge is increased. These results demonstrate clearly that the
various features of a battery performance strongly depend on the cycling protocol and that only
the combination of several battery properties like the overall provided capacity, the gravimetric

capacity, the CR and the CE give a real impression of the battery capability. To have a quick
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overview over these parameters for various batteries at the same time radar plots proved to be

a helpful tool.
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Figure 7.1: Initially (grey) and over 100 cycles (green) provided capacity on the scale of an ideal battery with
stable 1000 mAh - g~ capacity. Selected samples cycled regularly, with restricted charging (-rest.)
and in the modified setup with decreased C-rate (-mod.). Also shown is the capacity retention, i.e.
ratio of final to initial capacity (dark cyan).

In chapter 4.3.3 an SEI layer of around 630 nm thickness was detected after 100 cycles on a reg-
ularly cycled anode obtained from a sample with 22 wt.-% a-Si. The identified SEI components
oxygen, fluorine, lithium, carbon and phosphorous are very likely electrolyte decomposition
products and their formation was conceivably responsible for the charge losses observed in the
CE. Since the SEI thickness and the capacity decay increased with increasing cycle number it is
also conceivable that the SEI formation contributed to the capacity loss by shielding the active
material and generating overpotential. This was supported by the results in chapter 5.3.3 of the
G-C-Si(20%)-C30m battery, which exhibited the highest CR after 100 cycles and at the same
time showed less SEI formation. In chapter 6.3.3 the anodes were cycled in a modified setup
with sparing protocol parameters and a different electrolyte composition. The overall capacities
were increased up to 88 % over 100 cycles with the respective CRs increasing by a factor of
around 1.5 to 2.5 up to 91.8 % for only slightly decreased initial capacities. These increases were
mainly attributed to a modified SEI formation. The SEI exhibited another morphology and
different elemental ratios, indicating different components. This outstanding improvement of
the battery performance underlines the impact of the SEI on the battery cycling performance.
However, the stabilisation was more pronounced for batteries containing c-Si, than for the ones
with a-Si. Hence, the trends observed for the varied anode materials in the modified setup were
different compared to the initial setup, such that the batteries containing c-Si (G-550C-22% Si-

mod) showed a more stable performance than the ones containing a-Si (G-485C-22% Si-mod.)
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(fig. 7.1). This indicates that the interplay of the anode material, the protocol and the elec-
trolyte is not straightforward. An optimisation of the LIB can only be achieved by iterative

variation and balancing of these three components.

Altogether plenty of material parameters can be adjusted which affect the battery cycling be-
haviour. At this, the pristine anode itself can be considered a precursor whose performance is
strongly affected by the cycling parameters and the electrolyte. On the question of the suit-
ability of silicon as a prospective anode material in LIBs, this work showed that for nanostruc-
tured silicons, which circumvent fragmentation during (de-)lithiation, indeed capacity stability
improvements were achieved through anode material modifications and even more significant
improvements in the battery CRs were obtained from electrolyte and protocol tuning. Hence,
with some further research and in due consideration of the required charging times, silicon in
combination with carbon could indeed serve as a reliable anode material for specific applications

in portable or stationary devices.
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8 Appendix

8.1 A Supporting information of chapter 3

The correlation between the set oven temperature (T oven) and the temperature measured by

the thermocouples ( Tsample) is given in figure 8.1.
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Figure 8.1: Temperature calibration with open Ar-flow of 650 sccm as well as No-flow of 150 sccm at 100 mbar.

In table 8.1 the LPCVD parameters for all samples synthesised for chapter 3 are listed.

Table 8.1: List of samples for chapter 3 at p = 1 mbar

sample substrate Toven (°C)  Tsample (°C) ¢ (min) p (mbar)
G-Si-30m Graphite (KS6) 550 566 30 1
G-Si Graphite (KS6) 550 566 60 1
G-Si5 Graphite (KS6) 550 566 60 5
G-Si-20 Graphite (KS6) 550 566 60 20
MWCNT-Si MWCNTs 550 566 60
MWCNT-HTC-Si | MWCNT-HTC 550 566 60

SEM images of the pristine graphite are depicted in figure 8.2.
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Figure 8.2: SEM images of graphite.

Figure 8.3 shows the lithiation and delithiation capacity and the coulombic efficiency of batteries

containing anodes from the graphite reference, G-Si and G-SiNP for 50 cycles.
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Figure 8.3: (De-)lithiation capacities and coulombic efficiencies vs. cycle number for graphite, G-Si and G-SiNP
for 50 cycles.

SEM images of G-Si anodes on regions with less silicon coverage after testing are shown in

figure 8.4. The testing parameters include the exposure to OCV (a), 20 (dis-)charge cycles (b)
and 50 (dis-)charge cycles (c).
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Figure 8.4: SEM images of G-Si anodes after a) OCV b) 20 cycles and c¢) 50 cycles.
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SEM images of the G-SiNP anode after 20 cycles are depicted in figure 8.5.
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Figure 8.5: SEM images of the G-SiNP anode after 20 cycles.

In figure 8.6 a) an SEM image of the silicon nanoparticles, as received, is shown. In figure 8.6 b)
an SEM image with the respective silicon elemental map (fig. 8.6 ¢) of the prepared G-SiNP
anode is depicted.
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Figure 8.6: SEM images of a) Si NP reference powder and b) the G-SiNP anode with c) the respective silicon
elemental map of the G-SiNP anode.

Figure 8.7 depicts the lithiation (ch) and delithiation (dis) capacities and the coulombic effi-

ciencies of batteries containing G-SiNP anodes for 1, 3, 7, 10 and 20 cycles.
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Figure 8.7: Charge (ch) and discharge (dis) capacities and coulombic efficiencies as a function of cycle number
for G-Si batteries.
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In figure 8.8 the lithiation (ch) and delithiation (dis) capacities and the coulombic efficiencies

of batteries containing G-Si anodes for 1, 3, 7, 10 and 20 cycles are plotted.
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Figure 8.8: Charge (ch) and discharge (dis) capacities and coulombic efficiencies as a function of cycle number
for G-Si batteries.

8.2 B Supporting information of chapter 4

In table 8.2, all samples with the deposition parameters and silicon content determined by

TG-MS and elemental analysis (EA) discussed in chapter 4 are listed.

Table 8.2: List of sample names, deposition parameters and ascertained silicon content

sample Toven  Tsample t P Siwt-% Siwt-%

(°0) (°C) (min) (mbar) TG (mg) EA (mg)
G-435C-14% Si 435 452 240 1 14.7 14.3
G-450C-18% Si 450 477 120 1 18.1 17.6
G-450C-27% Si 450 477 180 1 29.1 26.8
G-450C-30% Si 450 477 240 1 33.8 30.1
G-485C-11% Si 485 502 60 1 10.9 10.9
G-485C-19% Si 485 502 120 1 20.6 18.9
G-485C-22% Si 485 502 120 1 22.3 22.0
G-485C-30% Si 485 502 180 1 35.8 30.2
G-510C-22% Si 510 526 120 1 24.6 21.9
G-550C-08% Si 550 566 30 1 6.5 7.6
G-550C-13% Si 550 566 60 1 14.6 12.7
G-550C-22% Si 550 566 120 1 24.0 21.5
G-550C-30% Si 550 566 180 1 30.9 29.9
G-800C?-21% Si 485 502 120 1 22.3 20.6
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For a precise determination of the gravimetric capacity, replica anodes were dissolved and an-
odes of the same kind pinned to the same gravimetric capacity. The results are illustrated in
figure 8.9. When the active material of one of the graphite reference anodes was dissolved after
the capacity was measured, the gravimetric capacity was precisely determined. After standar-
dising the other graphite anodes to the same gravimetric capacity, the plots in figure 8.9 b) are

obtained. The same applies to the carbon black (CB) anodes.
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Figure 8.9: a) Discharge capacity and b) gravimetric discharge capacity as a function of the cycle number for
graphite reference anodes containing carbon black (G) and carbon black anodes (CB).

The mass changes of all samples discussed in chapter 4 during TG-MS analysis are depicted in
figure 8.10.

0 200 400 600 800 1000 1200 1400
Temperature (°C)

Figure 8.10: Mass (%) as a function of temperature (°C) for all samples discussed in chapter 4.
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In figure 8.11, the evaluation of mass and COs-ion current (m/z = 44) as a function of the
temperature are plotted for graphite (G) and samples obtained from graphite with 30, 60, 120
and 180 min of silicon deposition.
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Figure 8.11: Mass (solid line) and ion current of CO2 (m/z = 44) (dashed line) as a function of temperature
for graphite (G) and samples obtained from graphite with 30, 60, 120 and 180 min of silicon
deposition.

XRD and SEM investigations of the sample G-550C-22% Si after TG-MS analysis are shown in
figure 8.12. The XRD pattern exhibits reflections of cristobalite and the EDX analysis of the

SEM images does not give a noteworthy carbon signal but sharp silicon and oxygen signals.
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Figure 8.12: Left: powder XRD pattern; right: SEM image of the G-550C-22% Si sample after TG-MS analysis.

The crystalline volume fractions and silicon crystal domain sizes derived from Rietveld re-
finement for the samples G-550C-08% Si, G-550C-13% Si, G-550C-22% Si, G-550C-30% Si,
G-510C-22% Si and G-800C*-21% Si, are plotted in figure 8.13.
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Figure 8.13: Values for a) the silicon crystalline volume fraction (black) and b) the silicon crystal domain size
(green) derived from Rietveld refinement with error bars (3 - ESD).

In figure 8.14, the Raman spectra from 100 to 3000 cm™! normalised to the TO band are

depicted for the samples discussed in section 3.3.1.
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Figure 8.14: Normalized Raman spectra from 100 to 3000 cm~!.
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In figure 8.15, the SEM images of the samples discussed in section 4.3.1 are given at lower

magnification.

teZum

2 m
Figure 8.15: SEM images of a) G, b) G-435C-14% Si, c) G-450C-18% Si, d) G-485C-19% Si, e) G-485C-22% Si,

f) G-485C-30% Si, g) G-550C-08% Si, h) G-550C-13% Si, i) G-550C-22% Si, k) G-550C-30% Si,
1) G-800C*-21% Si and m) Si NPs.

Figures 8.16 and 8.17 show the raw data which form the basis of the radar plots of series B, C
and D.
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Figure 8.16: Gravimetric discharge capacity and CE as a function of the cycle number for a) series B and
b) series C.
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Figure 8.17: a) Gravimetric discharge capacity and b) CE as a function of the cycle number for series D.

In table 8.3 the samples used for the contour plot (fig. 4.14) with their gravimetric discharge

capacities per silicon and cycle are listed.

Table 8.3: Gravimetric discharge capacity per silicon and cycle

sample gravimetrich discharge capacity sample gravimetric discharge capacity
(mAb - g5;') (mAD - g5;")
(-435C-14% Si 1274 G-510C-22% Si 1407
G-450C-18% Si 1478 G-550C-08% Si 1198
G-485C-11% Si 1616 G-550C-13% Si 1463
G-485C-19% Si 1455 G-550C-22% Si 1147
G-485C-22% Si 1536 G-550C-30% Si 1342
G-485C-30% Si 1426 G-800C*-21% Si 1112

The differential capacity plots (DCPs) of batteries containing graphite reference anodes (8.18 a)

and carbon black anodes (8.18 b) are depicted below.
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Figure 8.18: Differential capacity plots of batteries containing a) graphite reference anodes (G) and b) carbon
black anodes (CB).

In the following, the DCPs of the 2°¢ cycle of series D (fig. 8.19), the 2"! and 103" cycle of
series B (fig. 8.20) and the 1% and 29 cycle of series C (fig. 8.21) are depicted.
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Figure 8.20: Differential capacity plots of the batteries of series B with a) 2°¢ lithiation, b) 103" lithiation,

c) 2°4 delithiation and d) 103" delithiation.
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Figure 8.21: Differential capacity plots of the batteries of series C a) 1°* lithiation, b) 2" lithiation, c) 1°*
delithiation and d) 2"¢ delithiation.

In figure 8.22, the results of the C-rate capability tests on batteries containing graphite (G) and

CB reference anodes, anodes of series C and anodes of sereis D are shown.
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Figure 8.22: Capacity retention relative to first discharge as a function of the cycle number for C-rate variation
protocol run on batteries containing a) G and CB reference anodes, b) anodes of series C and
c) anodes of series D.
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In figure 8.23, SEM images of a G-485C-19% Si anode after 103 cycles are depicted.

o EATh

Figure 8.23: SEM images of G-485C-19% Si anode after 103 cycles.

In figure 8.24, SEM images of less SEI covered areas on G-550C-22% Si (a) and G-485C-19% Si

(b, ¢) anodes after 103 cycles are shown.

Figure 8.24: SEM images of a) G-550C-22% Si and b, ¢) G-485C-19% Si anode after 103 cycles.

In figure 8.25, SEM images of the cross section region of G-485C-19% Si after 103 cycles are

shown.

Figure 8.25: SEM images of cross section region of G-485C-19% Si anode after 103 cycles.

In figure 8.26 a), the EDX spectra for the cross section of the cycled G-485C-19% Si anode in
spots A (SEI) and B (material) are plotted. Figure 8.26 b) presents the EDX spectrum of the

graphite reference anode after 103 cycles.
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Figure 8.26: EDX spectra for a) the G-485C-19% Si anode cross section, spots A (SEI) and B (material), and
b) the graphite reference anode after 103 cycles.

8.3 C Supporting information of chapter 5

In table 8.4, the silicon contents evaluated by TG-MS analysis and EA for all samples listed in

table 5.5 are shown.

Table 8.4: Silicon contents evaluated by TG-MS analysis and EA

sample EA TGMS
Si-wt.%  Si-wt.%
G-Si(21%)-60m 20.6 22.3
G-Si(20%)-C15m 19.7 21.5
G-Si(17%)-C30m 17.4 20.4
G-Si(19%)-C60m 19.4 19.7
G-Si(19%)-C90m 18.9 23.2
G-Si(12%)-C30m 12.4 13.0
G-Si(0)(24%)-C30m 24.0 26.6
G-C-Si(20%)-C30m 19.5 21.8
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In figure 8.27, the mass development and the CO (m/z = 28) and COg (m/z = 44) ion currents
of the TG-MS analysis for all samples listed in table 5.5 are plotted.
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Figure 8.27: a, b) Mass and ¢, d) ion current for CO (m/z = 28, solid lines) and CO2 (m/z = 44, dotted lines)
as a function of temperature for G-Si(21%)-60m, G-Si(20%)-C15m, G-Si(17%)-C30m, G-Si(19%)-
C60m, G-Si(19%)-C90m and b) G-Si(12%)-C30m, G-Si(0)(24%)-C30m and G-C-Si(20%)-C30m.
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In figure 8.28, the Raman spectra from 200 — 3000 cm™! for G-Si(21%)-60m, G-Si(20%)-C15m,
G-Si(17%)-C30m, G-Si(19%)-C60m, G-Si(19%)-C90m, G-Si(0)(24%)-C30m and G-C-Si(20%)-
C30m normalised to the G-band are illustrated.
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Figure 8.28: Raman spectra of G-Si(21%)-60m, G-Si(20%)-C15m, G-Si(17%)-C30m, G-Si(19%)-C60m, G-
Si(19%)-C90m, G-Si(0)(24%)-C30m and G-C-Si(20%)-C30m.

SEM images of G-Si(21%)-60m, G-Si(20%)-C15m, G-Si(17%)-C30m, G-Si(19%)-C60m,G-Si(19%)-
C90m and G-C-Si(20%)-C30m are shown in figure 8.29 — 8.32.

e em

Figure 8.30: SEM images of G-Si(17%)-C30m.
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Figure 8.32: SEM images of G-Si(19%)-C90m.

The gravimetric discharge capacities and coulombic efficiencies of G-Si(21%)-60m, G-Si(20%)-
C15m, G-Si(17%)-C30m, G-Si(19%)-C60m, G-Si(19%)-C90m, G-Si(0)(24%)-C30m and G-C-
Si(20%)-C30m with replica as a function of the cycle number are plotted in figure 8.33.
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Figure 8.33: a) Gravimetric discharge capacity and b) CE as a function of the cycle number of G-Si(21%)-60m,
G-Si(20%)-C156m, G-Si(17%)-C30m, G-Si(19%)-C60m, G-Si(19%)-C90m, G-Si(0)(24%)-C30m
and G-C-5i(20%)-C30m batteries.
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Differential capacity plots of the 2" lithiation and delithiation of the G (graphite reference),
G-Si(21%)-60m, G-Si(20%)-C15m, G-Si(17%)-C30m, G-Si(19%)-C60m, G-Si(19%)-C90m, G-
Si(0)(24%)-C30m and G-C-Si(20%)-C30m batteries are depicted in figure 8.34.
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Figure 8.34: 2" cycle lithiation (a,b) and delithiation (c,d) differential capacity plots of the G (graphite
reference), G-Si(21%)-60m, G-Si(20%)-C15m, G-Si(17%)-C30m, G-Si(19%)-C60m, G-Si(19%)-
C90m, G-Si(0)(24%)-C30m and G-C-Si(20%)-C30m batteries.
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Differential capacity plots of the 103" lithiation and delithiation of the G (graphite reference),
G-Si(21%)-60m, G-Si(20%)-C15m, G-Si(17%)-C30m, G-Si(19%)-C60m, G-Si(19%)-C90m, G-
Si(0)(24%)-C30m and G-C-Si(20%)-C30m batteries are shown in figure 8.35.
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In figure 8.36 and 8.37, secondary electron images and the corresponding silicon and fluorine
elemental maps of the cycled G-Si(19)-C60m anode for different spots on the anode surface are

depicted.

Figure 8.36: a) Secondary electron image and corresponding elemental maps of b) silicon and c¢) fluorine
(700 nm interaction depth) of cycled G-Si(19)-C60m anode.

Figure 8.37: a) Secondary electron image and corresponding elemental maps of b) silicon and c¢) fluorine
(700 nm interaction depth) of cycled G-Si(19)-C60m anode.

In figure 8.38 a-c), SEM images of the anode obtained from the twice propene treated sample
(G-C-Si(20%)-C30m) after cycling are shown. The secondary electron image (8.38 d) and its
corresponding elemental map of silicon and fluorine (8.38 e) were acquired on an anode region

with more pronounced cracks.

104im

Figure 8.38: a,b,c) SEM images and d) secondary electron image with e) corresponding elemental maps of
silicon and fluorine (700 nm interaction depth) of cycled G-C-Si(20%)-C30m anode.
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In figure 8.39, the capacity and the coulombic efficiency of the G-Si(12%)-C30m batteries are
plotted as a function of the cycle number. One battery was (dis-)charged 7 times (7 cycles)
with a constant voltage sequence after each (dis-)charge (CC-CV protocol) and the other one

was (dis-)charged 27 times (27 cycles) without a constant voltage sequence (CC protocol).
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Figure 8.39: a) Capacity and b) coulombic efficiency as a function of the cycle number of G-Si(12%)-C30m
batteries cycled for 7 cycles using a CC-CV protocol and 27 cycles using a CC protocol.
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8.4 D Supporting information of chapter 6

In table 8.5, all batteries discussed in chapter 6 are listed with their synthesis parameters and

battery setup.

Table 8.5: List of batteries tested in chapter 6 with reg. = regular, CCV = CC-CC-CV, mod. = modified and
res. lith. = restricted lithiation protocol

label LPCVD Si wt.-% Electrolyte battery Protocol M, (mg) current
parame- setup 1C (pA)
ters

G-450C- SiHy, © 18 LP40 reg. reg. - 904

18% Si 450 °C, o 18 LP40 reg. res. lith. 1.08 501
2 h o 18 LP71/FEC mod. mod. 1.06 863

G-485C- SiHy, © 19 LP40 reg. reg. - 941

19% Si 485 °C o 19 LP40 reg. CcCv 1.01 1025
2h o 19 LP40 reg. CCV - 1025

G-485C- SiHy, © 22 LP40 reg. reg. - 721

22% Si 485 °C, o 22 LP71/FEC mod. mod. 0.54 5915
2h

G-550C- SiHy, © 13 LP40 reg. reg. 1.45 1037

13% Si 550 °C, © 13 LP71/FEC mod. mod. 1.62 857
1h

G-550C- SiHy, © 22 LP40 reg. reg. - 1492

22% Si 550 °C, © 22 LP71/FEC mod. mod. - 1326
2h

G-550C- SiHy, < 30 LP40 reg. reg. - 1092

30% Si 550 °C © 30 LP71/FEC mod. mod. 0.94 1102
3h

G- SiHy, © 19 LP40 reg. reg. - 954

Si(19%) 485 °C, 19 LP40 reg. res. lith.  1.01 558

-C60m 2 h, o 19 LP71/FEC mod. mod. 1.04 951
CsHs,
800 °C,
1h

G-SiNP - o 13 LP40 reg. reg. - 773

-13% Si © 13 LP71/FEC mod. mod. 1.09 784

G-SiNP - © 20 LP40 reg. reg. - 849

-20% Si © 20 LP40 reg. res. lith.  0.84 445
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In figure 8.40, the CE and gravimetric discharge capacity for the CVCV and CCV batteries are
illustrated.
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Figure 8.40: a) Coulombic efficiency and b) gravimetric discharge capacity as a function of the cycle number
for the CVCV and CCV G-485-19% Si batteries.

In figure 8.41, the differential capacity plots of the lithiation sequence in the 3™ and 100" cycle

for batteries containing G-450C-18% Si, G-SiNP-20% Si and G-Si(19%)-C60m anodes, cycled

with the restricted charging protocol are presented.
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Figure 8.41: Differential capacity plots for batteries containing G-450C-18% Si, G-SiNP-20% Si and G-Si(19%)-
C60m anodes, cycled with restricted lithiation; a) 3™, b) 100" lithiation.
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In figure 8.42, the Cls, Ols, P2p, Fls and Lils XPS spectra of the anodes tested in the CVCV
and CCV batteries are shown.
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Figure 8.42: Cls, Ols, P2p, Fls and Lils XPS spectra of the CCV (red) and CVCV (black) cycled battery

anodes.

In figure 8.43 — 8.46, the gravimetric discharge capacity and coulombic efficiency as a function of
the cycle number are illustrated for batteries containing graphite (G), G-450C-18% Si, G-485C-
22% Si, G-550C-13% Si, G-550C-22% Si, G-550C-30% Si, G-SiNP-13% Si and G-Si(19%)-C60m

anodes, cycled in the regular and the modified setup.
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Figure 8.43: Gravimetric discharge capacity and coulombic efficiency as a function of the cycle number of the
graphite (left) and G-450C-18% Si (right) batteries, cycled in regular and modified (mod.) setup.
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Figure 8.44: Gravimetric discharge capacity and coulombic efficiency as a function of the cycle number of the
G-485C-22% Si (left) and G-550C-13% Si (right) batteries, cycled in regular and modified (mod.)
setup.
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Figure 8.45: Gravimetric discharge capacity and coulombic efficiency as a function of the cycle number of the
G-550C-22% Si (left) and G-550C-30% Si (right) batteries, cycled in regular and modified (mod.)
setup.
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Figure 8.46: Gravimetric discharge capacity and coulombic efficiency as a function of the cycle number of
the G-SiNP-13% Si (left) and G-Si(19%)-C60m (right) batteries, cycled in regular and modified

(mod.) setup.

In figure 8.47, the differential capacity plots of the 15* anode lithiation sequence of G-450C-
18% Si, G-485C-22% Si, G-550C-13% Si, G-550C-22% Si and G-SiNP-13% Si batteries, cycled

in the regular and modified battery setup, are illustrated.
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Figure 8.47: Differential capacity plots of 1°° cycle anode lithiation of G-450C-18% Si, G-485C-22% Si, G-
550C-13% Si, G-550C-22% Si and G-SiNP-13% Si batteries between 0.1 — 2.0 V cycled in the
regular and modified (mod.) battery setup.
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In figure 8.48, the differential capacity plots of the 15¢ cycle of G-550C-13% Si batteries, cycled

in the regular and modified battery setup, are illustrated.
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Figure 8.48: Differential capacity plots of the 1% cycle anode lithiation (left) and delithiation (right) of G-
550C-13%-Si batteries, cycled in the regular and modified battery setup.

In figure 8.49, additional SEM images of the G-550C-22% Si anode cycled in the modified
battery setup are depicted.
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Figure 8.49: SEM images of G-550C-22% Si anode cycled in the modified battery setup.
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