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Abstract

Lithium-ion batteries have been widely used as power supplies for portable
electronic devices due to their higher gravimetric and volumetric energy
densities compared to other electrochemical energy storage technologies,
such as lead-acid, Ni-Cd and Ni-MH batteries. Developing a novel battery
chemistry, ‘‘all silicon lithium-ion batteries’’, using lithium iron silicate as
the cathode and silicon as the anode, is the primary aim of this Ph.D project.
This licentiate thesis is focused on improving the performance of the silicon
anode via optimization of electrolyte composition and electrode formulation.
Fluoroethylene carbonate (FEC) was investigated as an electrolyte additive
for silicon composite electrodes, and both the capacity retention as well as
coulombic efficiency were significantly improved by introducing 10 wt%
FEC into the LP40 electrolyte. This is due to the formation of a stable SEI,
which mainly consisted of FEC decomposition products of LiF, -CHF-
OCOy-, etc. The chemical composition of the SEI was identified by synchro-
tron radiation based photoelectron spectroscopy. This conformal SEI pre-
vented formation of large amounts of cracks and continues electrolyte de-
composition on the silicon electrode. An alternative lithium salt, lithium 4,5-
dicyano-2-trifluoromethanoimidazole (LiTDI), was studied with the silicon
electrode in this thesis. The SEI formation led to a rather low 1% cycle cou-
lombic efficiency of 44.4%, and the SEI layer was found to contain hydro-
carbon, ether-type and carbonate-type species. Different to conventional
composite silicon electrodes, which require heavy and expensive copper
current collector, a flexible silicon electrode, consisted of only silicon na-
nopowder, Cladophora nanocellulose and carbon nanotube, was facilely
prepared via vacuum filtration. The electrode showed good mechanical,
long-term cycling as well as rate capability performance.
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1. Introduction

1.1 Lithium-ion batteries

As the consumption and performance of portable electronic devices, such as
mobile phones, laptops, etc., have significantly increased over the past dec-
ades, power supplies with higher volumetric as well as gravimetric energy
density are strongly needed. Among the commercialized electrochemical
energy storage technologies, lithium-ion batteries (LIBs) provide the highest
energy density as illustrated in Figure I(a), compared to lead acid, Ni-Cd,
Ni-MH batteries." Since the commercialized by Sony in 1991, LIBs have
dominated the power supply market for portable electronic devices. Moreo-
ver, replacing traditional petroleum fuels in vehicles is another important
driving force of developing advanced LIBs for electric vehicles, in order to
reduce the use of limited fossil fuel as well as carbon dioxide emission.
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Figure 1. (a) A Comparison of the rechargeable battery technologies as a function of
volumetric and specific energy density. Redrawn from ref.' (b) A Schematic repre-
sentation of the working principle of a lithium-ion battery.

Conventional rechargeable lithium-ion batteries mainly consist of two com-
posite electrodes (cathode and anode) and a Li" ion conducting electrolyte
(an additional separator is required for liquid electrolytes). LIBs are also
referred as rocking-chair batteries since Li’ moves between the two elec-
trodes during cycling as demonstrated in Figure 1(b). During charging, the
cathode material is oxidized, and Li" is extracted (delithiation) and moves to



the anode. The reactions are reversed during discharging and the Li" moves
from the anode to the cathode through the electrolyte.

1.2 Electrode materials

1.2.1 Cathode materials

LiCoO; (LCO) was used as the cathode material in the first commercialized
lithium-ion battery by Sony in 1991.° The layered structured LiCoO, can be
reversibly cycled with half of the Li inventory, giving a theoretical capacity
of 150 mAh/g with an average cycling voltage of 3.9 V (vs. Li"/Li, all poten-
tials stated in this text are, unless specifically stated, measured versus the
Li"/Li redox couple.).*’ However, LiCoO, suffers from issues such as high
cost and toxicity of cobalt as well as the safety hazard from O, evolution
after over-charging.”” Metal (Mn, Ni and/or Al) substitution of Co to form
layer-structured lithium metal oxide solid solutions, such as Li(Ni,Mn,Co0)O,
(NMC), Li(Ni,Co,Al)O, (NCA), is found to be beneficial to the thermal sta-
bility, cyclability and rate capability for LiCoO,-based cathode materials.*"
Lithium-rich layer oxides, commonly denoted as (1-y)Li,MnO;-yLiMO, (M
= Mn, Co, Ni), has been particularly attracting currently due to their high
energy density (gravimetric density of ~ 250 mAh/g , average voltage of ~
3.7 V). Spinel LiMn,04 (LMO) is also one of the first developed cathode
materials for rechargeable LIBs, and has a significant advantage in cost
compared to LiCoO, cathode.'*'® However, the cyclability of LiMn,O, is
rather poor as Mn”" (formed through disproportionation 2Mn’" — Mn*" +
Mn*") tends to be dissolved into the electrolyte.'® One attractive spinel deri-
vate, LiNipsMn; 504 (LNMO), exhibits a high operating voltage of ~ 4.7 V.
This, however, seriously challenges the stability of the conventional car-
bonate-based liquid electrolyte.'”'* LiFePO,4 (LFP) is another cathode mate-
rial widely used in today’s commercialized lithium-ion batteries due to its
excellent structural stability, decent capacity (~ 160 mAh/g) and cycling
voltage (~ 3.5 V)."?' Olivines-structured LiFePO,4 has been well studied
since the first report in 1997 and tremendous amount of effort has been de-
voted to overcome its intrinsic problems of poor electronic and ionic conduc-
tivity, 92123

Lithium metal silicate (Li,MSiO4, M = Fe, Mn, etc.) is a relatively new class
of cathode materials, and Nytén firstly synthesized and investigated
Li,FeSiO4 (LFS, theoretical capacity of 166 mAh/g, based on one lithium
ion reaction per formula unit) in 2005.>** The potential of extracting two
lithium ions per formula unit, which gives a theoretical capacity as high as ~
330 mAh/g, is one of the most attracting features of LFS cathode materials.
Besides, the strong Si-O bonding can result in good electrochemical and



chemical stability, and the use of earth abundant elements (Fe/Mn, Si) could
also potentially reduce the cost of the material.”* Three different crystal sys-
tems of Li,FeSiO4, which are orthorhombic (space group Pmn2;), monoclin-
ic (space group P2;) and orthorhombic (space group Pmnb) have been re-
ported in the literature so far, and different synthesis methods and conditions
can significantly influence the structure of the product.*****” Various syn-
thetic methods, such as solid-state, sol-gel, combustion, hydrothermal, hy-
drothermal assisted sol-gel, have been explored to synthesize Li;FeSiO4.>**"
33 The electrochemical performance of the Li,FeSiO, was first investigated
by Nytén, and the charge and discharge potential plateaus during the first
cycle were reported at 3.10 V and 2.76 V, respectively (at 60 °C).*** A shift
from 3.10 V to 2.80 V in charge potential plateau was observed from the
first cycle to the following cycles and it is due to the rearrangement of the
structure during the first cycle. Although the electrochemical behavior of
Li,FeSiO4to some extent differs from different synthesis routes, this change
in charge potential from the first to the second cycles appears to be a com-
mon feature.”>**3**>* The surface chemistry on Li,FeSiOy electrode has
also been studied, showing better salt stability of LiN(SO,CF3), than LiPF;
upon cycling.**** Investigations on the aging of Li,FeSiO, suggested that
Li,FeSiO4 would degrade to Li,SiF¢ in the fluorine-based electrolyte at ele-
vated temperature.3 6

Unlike Li,FeSiOy4, for which it is difficult to extract more than one lithium
ion per formula unit, Li,MnSiO, is more promising in the aspect of poten-
tially obtaining high energy density, due to moderate voltages of Mn>"*" and
Mn*"** electrochemical couples.”” However, Li,MnSiO, is reported to be
inherently unstable upon delithiation and its structure tends to collapse. Sta-
bilization with partial metal ion substitution (e.g. Fe, Ni) for Mn has been
proposed and studied, but the electrochemical performance is rather limited
and still needs to be improved.*”*

1.2.2 Anode materials

Different from cathode materials, most of which are insertion compounds,
anode materials for rechargeable lithium-ion batteries can be generally di-
vided into three classes based on different lithiation/delithiation mecha-
nisms: intercalation, alloying and conversion materials.

1.2.2.1 Intercalation materials

Graphite, which is an intercalation material allows insertion and removal of
lithium between the graphene sheets, is the most commonly used anode ma-
terial in today’s commercialized lithium-ion batteries. Graphite has a theo-
retical capacity of 372 mAh/g which corresponds to the composition of LiCg
at fully lithiated state.”’ The low average working potential of ~ 0.125 V is
one of the advantages for the use of graphite as an anode material in lithium-
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ion batteries. However, due to the instability of the organic liquid electrolyte
at this low potential, the solvents as well as the salt will start to degrade at ~
0.8 V for graphite anode and form a passivation layer, which is commonly
referred as the solid electrolyte interphase (SEI).*""** Although the formation
of SEI consumes lithium inventory and leads to irreversible capacity loss,
this layer can prevent further severe electrolyte decomposition and ensure
the reversibility of the batteries. Spinel structured LisTisO;,, which has a
theoretical capacity of 175 mAh/g with ~ 1.5 V working potential, becomes
particularly attracting due to the high working potential above 1 V, which is
higher than conventional SEI formation potential.**** This could significant-
ly limit the SEI formation and the initial irreversible capacity loss. However,
severe gassing during cycling, which causes serious swelling of the batteries,
is observed for LisTisO1, anode, especially at elevated temperature.*’

1.2.2.2 Alloying materials
Alloying reactions of lithium with several metals and semi metals in non-
aqueous electrolyte was firstly reported by Dey.* Various alloying materi-
als, such as pure Si, Sn, Sb, Al, Mg and their alloys, have been extensively
studied afterwards as candidates for the next generation anode materials in
lithium-ion batteries due to their higher capacity compared to graphite.*'
The alloying reaction is illustrated as the following Egn.I:

M + xLi* + xe™ - LixM Eqn.1

Table 1. Characteristics of graphite and alloying materials with various elements as
anodes in lithium-ion batteries (Adapted from ref*)

Material Fully lithiated Capacity Average voltage Stack energy in
phase (mAh/g) V) full cell (Wh/L)“

Graphite LiCq 350 0.125 726

Si Li; 75Si 3579 0.400 976

Sn Lis4Sn 998 0.504 941

Sb Li;Sb 660 0.948 796

Al LiAl 993 0.38 911

Mg Li; gsMg 2150 0.0325 1032

Zn LiZn 410 0.310 937

“Stack energy in full cell is estimated using the 18650 cell model. Detailed description can be
found in ref™.

Among all these materials, silicon-based materials are considered as the
most promising candidates due to their outstanding energy density, afforda-
ble cost and moderate operating voltage as presented in Table 1. The thermo-
dynamics and kinetics of Li-Si alloying system was firstly studied in the
1970s at elevated temperature (~ 400 °C) and the formation of several dif-
ferent crystalline phases was reported.”>> The fully lithiated phase observed
in the studies was Li»;Sis, which corresponds to a theoretical capacity of ~
4200 mAh/g. However, the lithiation of silicon was observed to be different
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at room temperature by Wilson and Dahn in the study of the electrochemical
behavior of graphite with nano-dispersed silicon at room temperature.>* The
crystalline silicon electrode was reported to undergo electrochemically-
driven solid state amorphization during first lithiation process by
Limthongkul et al.”® Obrovac and Christensen identified the Liy5Si4 phase,
which corresponds to a theoretical capacity of 3579 mAh/g, as the most Li-
rich lithium silicide phase at room temperature.’® The widely accepted lithia-
tion and delithiation mechanism of micro-sized bulk crystalline silicon anode
was later proposed by Obrovac and Krause:>’ during the first lithiation, the
crystalline Si undergoes a two-phase reaction which leads to the formation of
the amorphous lithium silicide and continued lithiation results in the fully
lithiated crystalline Li,5Si4 phase. During the following delithiation (charge)
process, the Li;5Sis phase transforms back to amorphous Li,Si.

Although the alloying mechanism of bulk silicon (micro-sized) has been
well understood, the electrochemical performance of the electrode is rather
limited.”” This is partially due to the particle pulverization caused by sig-
nificant volume expansion (~280% upon full lithiation to Li;sSi4 phase) dur-
ing lithiation.”® Reducing the particle down to nano-size has been explored
as an effective approach to counter the facture problem™®, and has been
convincingly confirmed by several in-situ TEM studies on silicon nanoparti-
cles and nanowires.*

The large volume change of silicon particles during cycling also results in
breaking-down of the electrical contact between silicon particles, current
collector as well as the conducting additive.®*® Moreover, the SEI layer
formed on the silicon electrode is unstable and cannot sufficiently prevent
continuous electrolyte decomposition.’® Both of these issues elucidate the
importance of the binder to the electrochemical performance of silicon elec-
trodes. Indeed, the conventionally used polyvinylidene fluoride (PVdF) has
been proved not suitable for silicon-based materials due to poor adhesion
and cyclability.®*®” Various kinds of binders, especially water-based ones,
have been widely explored in recent years and carboxymethyl cellulose
(CMC), % poly(acrylic acid) (PAA)*™" and alginate72’73 are, so far, the
most promising candidates. It is believed that the carboxylate group in these
binders can be chemically bonded to the native surface of silicon particles
which consists of silicon oxide and silanol, and this can significantly im-
prove the electrode adhesion and thus the cycling performance.*”**” In addi-
tion, Mazouzi et al. demonstrated that using an aqueous solution which was
buffered to pH 3 during the slurry preparation can further promote the bond-
ing between Si particles and CMC binder.”*”

The SEI formed on silicon-based anodes in conventional LiPF4 based lig-
uid electrolyte lithium-ion batteries has been studied and is found to mainly
consist of LiF, lithium alkoxide, carbonates such as lithium alkyl carbonates,
Li,CO; as well as polycarbonates.””” Moreover, it has also been observed
using photoelectron spectroscopy (PES) that the native oxide surface on
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silicon particles will be affected upon cycling and storage with LiPF¢-based
electrolytes and form new species as SiO,F,, Li,SiO,.”"* An alternative salt,
lithium bis(fluorosulfonyl)imide (LiFSI), has been examined and shows
better compatibility with nano-silicon electrode due to better stability to-
wards the silicon surface.® Introducing additives to the conventional liquid
electrolyte is also a promising approach to improve the SEI stability and
cyclability of the silicon anode. Among all the explored additives, fluoroeth-
ylene carbonate (FEC) and vinylene carbonate (VC) are found to be the most
effective two to improve capacity retention and coulombic efficiency.*™
Surface coating on silicon, such as carbon,*™ TiS,,* conductive polymer
polypyrrole”® and poly(3,4-ethylenedioxythiophene),” etc., is another ap-
proach to improve the interfacial stability as well as enhance electrical con-
ductivity.

Although the performance has been dramatically improved, silicon-based
alloy electrodes have not been widely commercialized so far, as graphite is
still the dominating anode material. Besides some of the intrinsic limitations
described in previous paragraphs, several practical aspects, such as high
price of producing high-purity nano-silicon, high cost and safety risk of bat-
tery manufacturing with nano-sized powders, difficulty in producing high
quality electrode coating at industry-scale,”** etc., have to be addressed
before large-scale application of nano-silicon electrodes. Obrovac and
Chevrier also highlighted the importance of coating design for alloy anode
materials in order to achieve energy density improvement from conventional
graphite electrodes.®’ Nevertheless, in 2005 Sony has commercialized a Sn-
Co-C alloy anode in the ‘“Nexelion’’ cell and a 10% improvement in terms
of energy density in full cell model (LCO cathode) compared to standard
graphite electrode.”

1.2.2.3 Conversion materials

The other class of anode materials is referred to conversion materials, and it
is usually a transition metal coupled with an anion. The electrochemical re-
action, which conversion materials typically undergo, is illustrated as Egn. 2:

MN + yLi* + ye™ < xM + Li,N Eqn.2

where M = transition metal (e.g. Fe, Co, Mn, etc.) and N = anion (e.g. O, S,
P, etc.). The most studied conversion-type anode materials are metal oxides,
e.g. (x-FezO3,93’94 Fe304,95’96 MnOz,W’Q8 etc., which have several advantages
such as high theoretical capacity and low cost. However, most of the transi-
tion metal oxides suffer from high voltage hysteresis (voltage difference
between change and discharge), which results in low energy efficiency. This
is due to the slow kinetics of the conversion reaction.” Besides, issues, such
as volume changing during cycling, unstable SEI and poor capacity reten-
tion, are still limiting large-scale application of these materials.
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1.3 Electrolyte

The electrolyte, which is the Li" transporting media during cycling, is anoth-
er key component in lithium-ion batteries. The electrolyte applied in lithium-
ion batteries consists of a lithium salt and its hosting material, and so far
several different electrolyte systems have been developed, such as liquid
electrolyte,'” gel electrolyte,'”" ceramic electrolyte,'” solid polymer electro-
lyte'” and ionic liquid.'” Among all these, small-molecule carbonates based
non-aqueous liquid electrolyte has been most widely used mainly due to its
superior Li" ion conductivity at room temperature, for example, LiPF salt in
ethylene carbonate (EC) and diethyl carbonate (DEC).

Although questioned about its chemical and thermal stability, LiPF; re-
mains as the most commonly used lithium salt in today’s commercial lithium
ion-batteries.'” It is believed that any remaining moisture in the battery will
hydrolyze LiPF¢, and one of the reaction products HF is highly corrosive
towards electrode materials.'” Various new lithium salts have been devel-
oped in to order to achieve better battery performance, such as lithium bo-
rates (e.g. lithium difluorooxalatoborate (LiDFOB),'”"'% dilithium dode-
cafluorododecaborate (Li2DFB)'"), imides (e.g. lithium
bis(fluorosulfonyl)imide (LiFSI),'"? lithium 4,5-dicyano-2-
trifluoromethanoimidazole (LiTDI)''"''?). The solvents used in the liquid
electrolyte are also essential and most commonly, mixed solvents are applied
to achieve both high dielectric permittivity (EC) and low viscosity (e.g. di-
methyl carbonate (DMC), DEC, ethylmethyl carbonate (EMC)).""'% These
carbonate solvents as well as the salts are not electrochemically stable at the
operation voltages of lithium-ion batteries and will be decomposed at the
electrode/electrolyte interface. In order to obtain good battery cycling per-
formance and safety, small amounts of chemical components are usually
added to the electrolyte and referred as electrolyte additives. Depending on
the different functionalities, some of the most commonly used additives are
summarized in Table 2.

Table 2. A brief summary of different types of electrolyte additives with examples.

Types Examples
Additives for anode LiDFOB,'"® v 4115 pgc34 el
Additives for cathode LiBOB,!'®!" 1 iDFOB, 212!

Additives for overcharge protection Ferrocene,'? phenothiazines,123 1,3,2-
benzodioxaborole'®”

Flame retardant additives Trimethyl phosphate,124 triphenyl phosphate125

In general, additives for anodes and cathodes are used to improve the
electrode/electrolyte interfacial stability. Redox shuttle chemicals, which
interact with both electrodes but do not become part of their interphases, are
usually employed as additives for overcharge protection. Introducing flame
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retardant additive can decrease the flammability of the liquid electrolyte, and
thus enhance battery safety.

1.4  Electrode/electrolyte interface

The high output voltage of lithium-ion batteries requires a wide electrochem-
ical stability window of the electrolyte in order to match the operation poten-
tial of the two electrodes.'*'* Ideally, the potential window should be larger
than the operating potential difference between cathode and anode, i.e. the
output cell voltage as shown in Figure 2(a), so that there will be no side
reactions occurring at the electrode/electrolyte interfaces. However, the con-
ventionally used carbonate-based solvents are not thermodynamically stable
in this potential window. LFP//graphite battery chemistry is demonstrated as
an example in Figure 2(b). The potential of LFP is within the electrolyte
stability range while the anode side, i.e. graphite, is beyond. This results in
reduction of the electrolyte at the graphite surface, and formation of a pas-
sive SEI layer, which prevents further continuous electrolyte degradation.
The formation of SEI on graphite electrodes is usually found at potential
around 0.8 V vs. Li/Li" and thus mainly occur before the first lithiation of
graphite.*”'**'*” Besides, a few cathode materials operate at potentials higher
than the stable limit of carbonate-based electrolyte (4.5 V), such as spinel
LNMO (4.6 V), LiCoPO4 (4.8 V), and therefore will require electrolyte ad-
ditives or alternative solvents.

(a) (b)
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Figure 2. A schematic illustration of the SEI formation in an LFP//Graphite battery.

The nature of the SEI has been extensively explored but still it has not
been fully understood due to its complexity as well as the difficulty in char-
acterization since the thickness of the SEI layer is usually only a few A to
several nanometers.**'?’ Moreover, the SEI is also sensitive to air exposure
and requires an air-free environment for the sample preparation, transfer as
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well as measurement.'”® As a result, surface sensitive techniques, such as X-
ray photoelectron spectroscopy (XPS),**'**'*% atomic force microscopy
(AFM),""*P"B! time of flight-secondary ion mass spectroscopy (TOF-
SIMS),"**!** have been most frequently used. Scanning electron microscopy
(SEM), Transmission electron microscopy (TEM), Fourier transform infra-
red spectroscopy (FT-IR), Raman spectroscopy, etc., are also widely applied
to obtain more information of the SEI layer.”>"**'33

Nevertheless, the fact that the SEI usually contains both organic and inor-
ganic species, which are degradation products of the salt and solvents in the
electrolyte, has been widely accepted.”'*” Possible degradation mechanisms
of some commonly used the lithium salt as well as the electrolyte solvents,
such as LiPFs, EC, DEC, DMC, PC, have been proposed and illustrated in
Scheme. 1.”* Li,CO;, lithium alkyl carbonates, lithium alkoxides,
poly(ethylene oxide), polycarbonates and LiF are commonly found as SEI
components from the decomposition of the electrolyte.

Scheme. 1 Possible degradation mechanisms of some commonly used electrolyte salt
and solvents.

EC + 2e + 2 Li* — Li2CO3 + CH>=CH>»

2EC + 2e" + 2 Li* — (CH20COzLi)2 + CH2=CH2

DMC + ¢ + Li* — CH20OLi + CH20CO+ + CH,0CO;Li + CHze
Re +Li"+e — RLi

nRe — Ru (polymer)

2ROCOsLi + H2O — LixCOs + 2LiOH + CO»

LiPFs = LiF + PFs

PFs + H,O — PF;0 + 2HF

ROCO:Li + HF — ROCO:H + LiF

ROLi + HF — ROH + LiF

The formed passive SEI layer can significantly influence the electrochem-
ical performance of the batteries. Ideally, the SEI should be electronically
insulating to prevent further electrolyte reduction, and at the same time ion-
ically conductive to allow Li" transporting upon cycling.127 The layer should
be uniform, stable and flexible to protect the electrode and accommodate
volume change of the electrode during the cycling. Although the formation
of the SEI is beneficial for the batteries in terms of preventing continuous
electrolyte degradation, most of the SEI components contain Li" and its for-
mation will consume the Li-inventory in the battery system, resulting in irre-
versible capacity loss. Moreover, this passive layer also strongly affects the
battery performance such as capacity retention, rate capability, etc.
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2. Scope of this thesis

The aim of the Ph.D project is to develop a novel battery chemistry using
lithium metal silicate as the cathode and silicon as the anode, both of which
are based on the earth-abundant element Si. This enables the possibility of
reducing the cost of the electrode materials. Li,FeSiO4 has the potential of
extracting two Li" per molecular formal and giving high energy density. The
silicon anode also has a significant advantage of high specific energy over
the conventionally used graphite.

This thesis work has been mainly focused on improving the performance of
the silicon anode and understanding the interfacial chemistry of the silicon
electrode where the unstable SEI is limiting the long-term performance.
Therefore, the surface-sensitive technique PES has been applied as the main
characterization tools to study the SEI on silicon electrodes. The combina-
tion of conventional in-house XPS and synchrotron radiation based PES
enables a unique non-destructive depth profiling of the SEI. Besides, im-
proving the battery performance via exploring electrode formulation, electro-
lyte composition and cycling conditions is another important aspect of this
work.

16



3. Method

3.1 Battery preparation

Conventional silicon electrodes (used in paper I and II) were prepared by
casting a slurry onto a copper foil using doctor-blading technique. The elec-
trode slurry was a mixture of silicon nanoparticles (SiNPs, average partical
size ~50 nm, Alfa Aesar), carbon black (Super P, Erachem Comilog), and
sodium carboxymethyl cellulose (CMC-Na, DS = 0.9, Mw = 700000, Sig-
ma-Aldrich) (80:12:8, mass ratio). The solid components were ball milled
for one hour in a water-ethanol solution (70/30, v/v). Circular electrodes
(average mass loading of 1.65 mg per electrode) with a diameter of 20 mm
were punched out after 12 h pre-drying at 60 °C and the electrodes were
further dried at 120 °C for 12 h inside an argon-filled glovebox (O, < 2 ppm,
H,O <1 ppm).

Vacuum Vacuum

filtration filtration

Suspension of
Si/CNTs/nanocellulose Flexible Si electrode
and CNTs/nanocellulose

Suspension of
CNTs/nanocellulose

Figure 3. A schematic representation of the preparation processes of the freestand-
ing silicon electrode. Reprinted with permission from ref'*®

Freestanding silicon paper electrodes (used in paper III) were prepared by
two-steps vacuum filtration as shown in Figure 3: firstly, 20 mg Cladophora
nanocellulose (CNC) and 20 mg carboxylic acid functionalized multi-walled
carbon nanotubes (CNT) were dispersed in 60 mL water by sonication (Son-
ics and Materials Inc., USA, Vibra-Cell 750). The obtained dispersion was
vacuum filtered through a nylon membrane filter (0.45 um); and secondly,
another 50 mL dispersion consisting of 30 mg SiNPs, 20 mg CNC and 30
mg CNT was poured onto the CNT/CNC substrate layer, and the
SiNP/CNT/CNC paper electrode was obtained via another vacuum filtration.
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The SiNP/CNT/CNC paper electrode consisted of the SINP, CNC and CNT
in the mass ratio of 25%, 33% and 42%, respectively. The freestanding elec-
trode was ~30 wm in thickness and the Si mass loading was 0.78 mg/cm?.

Three different electrolytes used in this thesis are listed in Table 3. The
LP40 electrolyte was produced by Merck and used as received. The
FEC/LPA40 electrolyte was prepared by mixing 90 wt% LP40 and 10 wt%
FEC (99%, Aldrich). The LiTDI was dried at 170 °C for 12 h prior to elec-
trolyte preparation.

Table 3. List of the electrolytes used in this thesis

Electrolytes

1 M LiPF¢, EC/DEC = 1/1, Merck (LP40) Paper 1
90% LP40, 10% FEC (FEC/LP40) Paper I, I11
0.6 M LiTDI, EC:DMC = 1:2 Paper 11

The batteries were assembled by sandwiching two layers of electrolyte-
soaked Solupor separators between the silicon electrode and lithium foil
(CYPRUS Foote Mineral Co.), and vacuum-sealing the stacks as pouch-cells
in the glovebox.

3.2 Characterization techniques

In this thesis work, galvanostatic cycling and photoelectron spectroscopy
have been used as the main characterization techniques, and will be intro-
duced in detail in the following sections. Besides, SEM (SEM/EDS Zeiss
1550), FT-IR (Spectrum One FTIR spectrometer, equipped with a Dia-
mond/ZnSe crystal (PerkinElmer, U.S.)) and Raman (Renishaw Ramascope)
were also used.

3.2.1 Electrochemical characterizations

Galvanostatic cycling has been used to evaluate the electrochemical perfor-
mance of all the batteries in paper I, II and III. During a galvanostatic ex-
periment, a constant current is applied to the battery and the response of the
battery voltage is monitored as a function of time. The applied current is
calculated with the chosen C-rate (C/5, 1C and 5C correspond to full charge
or discharge in 5 hours, 1 hour and 12 min respectively). Different cut-off
conditions (voltage, time, etc.) can be used, and in paper I, II and IIL, con-
stant cut-off voltages are applied. A rate capability test has been performed
in paper III and it was carried out by galvanostatically cycling the battery at
different current densities. The coulombic efficiency for silicon half cells is
calculated with Egn. 3:
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Ccharge(delithiation)

Coulombic ef ficiency = x100%  Eqn.3

Cdischarge(lithiation)
Two additional electrochemical techniques, cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EILS), are also used in paper 1. In a
cyclic voltammetry experiment, the potential of the working electrode is
linearly scanned and the current is examined as a function of the potential.
The peak current and peak potential in the obtained cyclic voltammogram
can be used to evaluate the reaction thermodynamics, kinetics, etc. EIS is a
technique to measures the impedance of a battery over a range of frequen-
cies. The magnitude of the applied ac voltage is usually rather small (e.g. 10
mV).

3.2.2 Photoelectron spectroscopy

Photoelectron spectroscopy (PES) is a surface sensitive characterization
technique that provides information of the elemental composition, chemical
and electronic states of the elements within a material. Therefore, PES has
been one of the most widely used techniques to investigate the composition
of the SEI in lithium-ion batteries, and it is applied as the main characteriza-
tion technique in paper I and II.
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Figure 4. (a) A schematic presentation of the working principle of the PES and (b) a
overview spectrum of a pristine silicon composite electrode.

The working principle of the PES technique is based on the photoelectric
effect and a schematic illustration is shown in Figure 4(a). During the meas-
urement, the sample is irradiated with photons with a specific energy (hv)
and emits photoelectrons after excitation. The kinetic energy of the photoe-
lectrons is examined by an electron analyzer. The binding energy of photoe-
lectron (Eg) can be calculated with Eqn. 4:

Eg=hv— Ex—¢ Eqn.4

where Ex is the kinetic energy of the emitted photoelectrons and ¢ is the
work function dependent both on the spectrometry and the sample. As the
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binding energies of the photoelectrons from specific atomic core levels are
rather defined, the PES technique is able to identify the elemental composi-
tion at the surface of the sample. As an example, the overview spectrum of a
pristine silicon composite electrode is demonstrated as Figure 4(b), which
shows the presence of C, O and Si on the sample. Moreover, the binding
energy of the same element can be varied depending on the specific chemi-
cal states, known as the ‘‘chemical shift’’. In the Figure 4(b), the Si 2p spec-
trum shows that it consists of contributions from the elemental Si (Si-Si) and
the native oxide species (SiOy).

For a conventional PES measurement on a flat sample, the intensity of a
core level signal can be described as Egn. 5:

—d
I“IO(U'P'S)'QXP(ASMG) Eqn.5

where / is the intensity of the detected photoelectrons, /) is the intensity of
emitted photoelectrons, o is the cross section, p is the surface concentration
of the element, S is the analyzer transmission of the photoelectrons, d/sin8 is
the travel distance of the photoelectrons and A is the electron inelastic mean
free path (IMFP). The cross section is specific for each core levels but will
be varied at different excitation energies (usually decreases as the excitation
energy increases). The IMFP describes how far an electron can travel in a
solid before loosing energy. It is dependent on the kinetic energy of the elec-
trons, and for a PES experiment, the IMFP can be varied by changing the
excitation energy. In this work, the probing depth of PES is referred to 34, as
this includes 95 % of the total elastically emitted photoelectrons. In order to
achieve non-destructive depth profiling, PES measurements have been car-
ried out with different excitation energies with three set-ups (listed in 7Table
4) in this thesis work. The most surface-sensitive measurements are carried
out at the 1411 beamline at MAX-lab with low photon energy. At the KMC-
1 beamline, BESSY, it is possible to probe the bulk part of the sample since
the excitation energy is available up to 12 keV.

Table 4. A summary of the three PES setups used in this thesis work.

Setup Excitation energy
Beamline 1411 at MAX-lab, Lund, Sweden 50—-1500 eV
In-house ESCA AlKa (1487 eV)

Beamline KMC-1 at BESSY, Berlin, Germany 2000 — 12000 eV

For all the PES measurements, the samples were washed with DMC three
times before transferring to the spectrometer in order to remove the electro-
lyte residue. Air-tight transfer chambers were used for all the sample transfer
to avoid are-exposure, which can significantly influence the results in study-
ing the SEI as demonstrated by previous studies.'”® The obtained spectra
were curve fitted with Gaussian-dominated (< 10 % Lorentzian) peak shape
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using Igor Pro software and the spectra were calibrated versus the hydrocar-
bon (C-C/C-H) C 1s peak at 285 eV.
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4. Improving the performance of silicon
based anode materials

4.1 FEC as electrolyte additive

This chapter describes the FEC electrolyte additive for silicon based elec-
trode in lithium-ion batteries. The aim was to study how the FEC affects the
electrochemistry and the SEI on the silicon electrodes. Results presented in
this chapter are based on Paper 1.

4.1.1 Electrochemical results

Silicon half-cells with two different electrolytes LP40 and FEC/LP40 (10 wt%
FEC and 90 wt% LP40), respectively, have been investigated with cyclic
voltammetry and galvanic cycling in order to investigate the influence of the
FEC additive and the results are presented in Figure 5.

In the cyclic voltammetry results shown in Figure 5(a), a unique reduc-
tion peak at potential ~1.3 V is visible only for FEC/LP40, indicating that
this peak corresponds to the reduction of FEC. With a higher reduction po-
tential than the conventional SEI formation (~0.8 V) from electrolyte de-
composition, FEC is reduced prior to the other solvents and thus quickly
forms a surface layer, which mainly consists of its degradation products.
Furthermore, long-time cycling performance was substantially improved
with the 10% FEC additive as presented in Figure 5(b). It should be noted
here that 4 pre-cycling steps (details are included in paper I) have been ap-
plied to both of the batteries prior to the long-term cycling. Only 5 % capaci-
ty (referring to 1200 mAh/g) is lost after 80 cycles with FEC additive where-
as as high as ~30% loss is observed without FEC. The coulombic efficiency
is constantly retained at ~99% over the 85 cycles for FEC/LP40 battery but
continuously decreased to ~97 % for LP40 battery. The potential profile of
1, 10™and 85" cycle are shown in Figure 5(c) and (d) for the silicon half-
cells cycled with or without FEC, respectively. The decrease in the lithiation
potential is found significantly less for the FEC/LP40 sample after 85 cycles
compared to the LP40 sample, and this results in less capacity fading as con-
stant potential cut-offs were used.
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Figure 5. (a) Cyclic voltammogram of the first electrochemical cycle of silicon half-
cells with FEC/LP40 (black) and LP40 (blue) electrolyte, respectively. (b) Gravi-
metric capacities and coulombic efficiencies of the silicon half-cells between 0.12 V
and 0.9 V at 500 mA/g (Si) using FEC/LP40 and LP40 electrolytes, respectively. (c
and d) Discharge and charge potential profile at 1%, 10", and 85" cycles for the LP40
and FEC/LP40 cells, respectively.

4.1.2 Surface morphology

The surface morphology of the pristine silicon electrode (Figure 6a, b), and
the electrodes after 85 cycles with electrolyte LP40 (Figure 6¢, d) and
FEC/LP40 (Figure 6e, f), respectively, are presented in Figure 6. A large
number of cracks were formed on the electrode cycled with LP40 while the
FEC/LP40 cycled electrode surface was retained smooth as pristine, as
shown in the low magnification images. Moreover, for the LP40 sample, the
surface of the silicon particles is unevenly covered by the SEI, which also
severely blocks the surface voids and limits the access of the electrolyte.
These effects would all cause the observed increase in polarization and fast
capacity fading. By adding 10 wt% FEC into the LP40 electrolyte, the sur-
face morphology can be well preserved over long-time cycling due to the
conformal and stable SEI formed. Overall, these results demonstrate the
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essential importance of the morphology and stability of the SEI layer for the
battery performance.

Pristine §(b)

200 nm
—

Figure 6. Surface morphologies of the pristine silicon electrode (a,b), after 85 cycles

with the LP40 electrolyte (c,d), and FEC/LP40 electrolyte (e,f). Reprinted with per-

mission from ref'*’.

4.1.3 Photoelectron spectroscopy results

Synchrotron radiation based photoelectron spectroscopy with various photon
energies was utilized to trace the FEC decomposition mechanism as well as
the difference in the SEI compositions between the FEC/LP40 and LP40
battery in paper I. All the PES samples were washed with DMC prior to the
measurements to remove electrolyte residues (details described in paper I).

4.1.3.1 FEC decomposition reaction

As the cyclic voltammetry results in Figure 5 indicate, the reduction of FEC
occurs at ~1.3 V. Constant current was applied to a silicon half-cell and the
battery was discharged to 0.9 V before disassembly, to study FEC decompo-
sition reaction. The comparison between OCV sample (open circuit voltage,
soaked in electrolyte) and 0.9 V sample is presented in Figure 7, including
the F 1s, O 1s and C 1s spectra. Selected photon energies were used for each
core levels, i.e. 835 eV for F 1s, 680 eV for O 1s and 430 eV for C Is, in
order to achieve the same kinetic energy of ~140 eV for the photoelectrons,
hence the same probing depth. This low kinetic energy leads to a probing
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depth of ~2 nm, which is extremely surface sensitive and suitable for evalu-
ating the FEC decomposition products.

Same kinetic energy (Kg = 140 eV) / ~2 nm probing depth
F1s O1s Ci1s
LiPEg SiO,

First Discharge
Intensity [a.u.]
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Figure 7. F 1s, O 1s and C 1s spectra of the silicon electrode at OCV and 0.9 V
(during first discharge). The electrolyte used was FEC/LP40. The spectra were rec-
orded with the same kinetic energy of 140 eV for all the core levels studied.

Scheme. 2 Possible FEC decomposition reactions and products. Reprinted with per-
mission from ref"’.
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No FEC residue was observed on the OCV sample after washing since the
Fls, Ols, Cls spectra for the OCV sample are dominated by the pristine
materials LiPFs, SiO,, CMC-Na and carbon black. Once the reduction of
FEC occurred as the batteries were discharged to 0.9 V, LiF, which is a
commonly observed SEI component in F-containing batteries, was formed as
one of the decomposition compounds and detected on the silicon electrode
surface (0.9 V sample). Both the de-fluorination of FEC and LiPF can con-
tribute to the formation of LiF. Besides, a new C 1s features at binding ener-
gy ~290.8 eV (C 1s peak with red filling in Figure 7) emerged for the 0.9 V
sample compared to the OCV sample. The signal corresponds to —CHF-
OCO,- type compounds since the binding energy observed is slightly higher
than conventional carbonate species (usually at ~290 eV) and this increase is
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attributed to the presence of -CHF- group. The C-F (686 eV in F 1s) and C-
O (533.7 eV in O 1s) features further confirm the interpretation. And based
on the identified species, two possible FEC decomposition reactions on sili-
con electrodes are proposed in paper I and illustrated in Scheme. 2. Firstly,
FEC undergoes de-fluorination and forms LiF as one of the main degrada-
tion products. Secondly, the five-membered ring opens, followed by reac-
tions, e.g. polymerization, and generates -CHF-OCO;- type compounds.

4.1.3.2 SEI composition after long cycling and salt
decomposition
The SEI after long-term cycling (current density 500 mA/g of Si, 85 cycles)
with FEC/LP40 and LP40 electrolyte, respectively, has also been studied
with PES characterization. Surface atomic contractions of these two samples
were calculated from in-house XPS measurements (AlKo, hv = 1487 eV)
and the results are listed as Table 5.

Table 5. Surface atomic concentration of silicon electrode after 85 cycles with
FEC/LP40 and LP40 electrolytes, respectively.

Electrolyte F 1s (%) O Is (%) Cls (%) P2p (%) Si2p (%) Lils (%)

FEC/LP40 15.7 26.4 36.6 0.5 0.3 20.5
LP40 4.1 31.9 48.7 0.9 0.4 14.0

Overall, the atomic concentration is significantly different between the
electrodes cycled with FEC/LP40 and LP40 electrolyte. Much more fluori-
nated species were found on the FEC/LP40 sample (15.7%) compared to
LP40 sample (4.1%). De-convolution on high-resolution F 1s spectra in pa-
per I shows that the main F-containing compound on the silicon electrode
cycled with FEC/LP40 sample is LiF. The SEI on LP40 sample is more
dominated carbon and oxygen containing compounds. C 1s spectra, one of
the most important core levels for SEI investigation, measured at different
photon energies of 430 eV, 2005 eV, and 6015 eV are presented in Figure §
for the two different kinds of batteries. The signal at ~290.8 eV (highlighted
with red filling), which corresponds —CHF-OCO,- type compounds as FEC
decomposition products, can be observed for all FEC/LP40 C 1s results.
However, none of the LP40 results has the presence of such signal, and this
confirms that this feature is attributed to the derivatives of FEC. Instead, the
peak at highest binding energy for LP40 samples is located at 290 eV, corre-
sponding to conventional carbonated species generated from the degradation
of the solvents, i.e. EC and DEC. Moreover, the C 1s signals for O-C-O and
—0CO,- type compounds are slightly different between the two systems,
indicating different chemical compositions. This is, most likely, because of
the degraded FEC segments are taking part in the formation of such com-
pounds.

26



Deeper analysis ' Salt decomposition
1
430 eV 2005 eV 6015 eV :
Cis Cis Cis :
1
-CHF-OCO, '
FEC/LP40 '
. |85 cycles / =
3 'S
-E 12>
S, 2
oy ]
2 =
g -0OCO,- |
LP40 .
85 cycles ]
1
Trrr T Trrrrrrrrrr T LR B B | :
295 290 285 280 295 290 285 280 295 29 28 280 ;| 2155 2150 2145
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV] ! Binding Energy [eV]

Figure 8. C 1s (hv =430 ¢V, 2005 eV and 6015 eV) and P 1s (hv = 6015 eV) spec-
tra of the silicon electrodes after 85 cycles with FEC/LP40 and LP40 electrolytes,
respectively.

The thermodynamic instability of LiPFe in this study (paper I) is well
known and the possible decomposition reactions have been illustrated in
Scheme. 1. In order to study the potential influence of FEC additive to the
degradation of LiPFs, P 1s measurements (hv = 6015 eV) were carried out,
and the results for FEC/LP40 and LP40 samples are shown in Figure 8, re-
spectively. Indeed, one additional P 1s peak at ~2149.6 eV (highlighted with
grey-filling in Figure §) is observed for the FEC/LP40 sample in addition to
the two common features (~2152 eV and ~2148.3 eV) for both the samples.
This unique peak is attributed to PF,O, and the presence of the higher fluori-
nated phosphoric oxides spices compared to phosphate (~2148.3 eV) indi-
cates the suppression of the deep degradation of LiPFg. It is probably due to
the decomposed FEC segments interacting with the salt and forming stable
intermediate products. Meanwhile, the stable SEI layer formed with the FEC
additive may also prevent further degradation of LiPFg.

FEC/LP40 LP40

Figure 9. Schematic representation of the SEI formation on a silicon electrode after
long-term cycling with eletrolytes FEC/LP40 (a) and LP40 (b), respectively.

Based on the results, the effect of FEC additive on the SEI formed on sili-
con electrodes has been illustrated as Figure 9. FEC as an electrolyte addi-
tive degrades prior to other electrolyte solvents, and forms a conformal and
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stable SEI. This SEI layer consists of a substantially higher amount of LiF
compared to the SEI on the silicon electrode cycled with LP40-only electro-
lyte. -CHF-OCO;- type compounds from the decomposition of FEC are also
observed on FEC/LP40 sample. The SEI layer with the presence of FEC can
sufficiently limit further electrolyte degradation as well as formation of large
amounts of cracks in the electrode, which will lead to the increase in polari-
zation and significant capacity fading. The study demonstrates the im-
portance of FEC as an electrolyte additive for silicon-based anode and the
insight of the modification mechanism of FEC.
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4.2 LiTDI as an alternative lithium salt

The most commonly used lithium salt, LiPFg, is found to be thermodynami-
cally unstable and can significantly affect the surface chemistry of silicon-
based electrodes in lithium-ion batteries. In this section (based on paper II),
LiTDI is studied as an alternative choice of lithium salts for conventional
silicon composite electrodes.

4.2.1 Electrochemistry and surface morphology

The first electrochemical cycle was perform at a current density of 150 mA/g
with the 0.6 M LiTDI (in EC: DMC = 1: 2) electrolyte and the potential pro-
file is shown as Figure 10(a). Batteries at different states of charge, which
have been highlighted with dots, have been further investigated with SEM
and PES. During the first cycle, specific capacities of 2700 and 1500 mAh/g
were obtain for the lithiation and delithiation processes, respectively, and the
irreversible capacity loss was ~1200 mAh/g (44.4 % of the first lithiation
capacity). This indicates a large amount of SEI formation during the first
cycle and it is supported by the SEM image of the silicon electrode after one
cycle (Figure 10(c)).
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Figure 10. (a) The potential profile of the silicon electrode during the first electro-
chemical cycle with LiTDI based electrolyte. (b,c) SEM images of the pristine sili-
con electrode and after the 1st electrochemical cycle, respectively.

4.2.2 Characterization of the SEI

Photoelectron spectroscopy was utilized to study the composition of this SEI
layer, and the survey as well as C 1s spectra of OCV (soaked in the electro-
lyte), 0.01 V (end of lithiation) and 0.9 V (end of deliathiation) samples are
shown in Figure 11, respectively. Strong O 1s, C 1s and Si signals are domi-
nating the overview spectra of the OCV sample, and the F 1s feature indi-
cates the presence of salt residue on the sample. The other core level from
the LiTDI salt, N 1s, cannot be identified since it is overlapping with the
strong Si plasmon signals. After the first lithiation and delithiation, a thick
SEI was formed as no evident Si signals can be observed from the survey
spectra of the 0.01 V and 0.9 V sample, and instead, the spectra mainly con-
sist of F 1s, O 1s, N Is and C 1s signals. C 1s is one of the most important
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core levels for investigating SEI layer and the de-convoluted C 1s spectra for
the OCV, 0.01 V and 0.9 V samples are shown in Figure 11.
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Figure 11. Survey and Cls spectra of the OCV, 0.01 V (end of lithiation) and 0.9 V
(end of delithiation) silicon electrode sample. The measurements were performed
with a photon energy of 2005 eV.
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The C 1s spectrum of the OCV sample reveals the carbon black, CMC-Na
as the pristine materials as well as the —CF; group from the LiTDI. After the
first lithiation, the carbon black signal is no longer visible, confirming the
formation of a thick SEI layer. The C 1s features of the SEI components are
found at 285, ~286.7, ~288 and ~290 eV, corresponding to hydrocarbon (-C-
C-/-C-H), -C-O-, -O-C-O- and -OCO,- type environments, respectively.
These are consistent with some of the most commonly found SEI species,
e.g. hydrocarbon, ether-type and carbonate species, from the decomposition
of the electrolyte solvents. Similar species, but with different relative
amounts, were found on the 0.9 V sample.

4.2.3 The silicon surface chemistry and salt decomposition

Philippe, et al. revealed that the pristine silicon oxide surface layer on the
silicon particles can be significantly affected by soaking and electrochemical
cycling with LiPFg-based electrolyte.***! In order to verify the potential in-
fluence from the LiTDI-based electrolyte, Si 1s were investigated and the
results of the pristine, OCV, 0.13 V, 0.01 V and 0.9 V samples are shown in
Figure 12. The same two features, which are bulk Si (~1839 eV) and SiO,
(~1844 eV) were observed on both the pristine and the electrolyte soaked
OCV sample. After initial SEI formation, both the two Si 1s signals are
slightly shifted to lower binding energy and there might be two possible
reasons for this behavior. Firstly, the surface oxides could be lithiated during
this electrochemical process and the changed chemical environment contrib-
uted to the shift in binding energy. Secondly, the work function and the Fer-
mi level of the sample could be changed after the formation of the SEI. Simi-
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lar observation on graphite electrode has also been reported.””® The binding
energy of the bulk Si/Li,Si signal is significantly lowered to ~1836 eV after
the first lithiation and this is mainly attributed to the change in chemical
composition, i.e. lithiation of silicon. As the lithium being extracted during
delithiation, this peak shifts back to ~1837.5 eV. Overall, no new Si 1s fea-
ture appears after the first electrochemical cycle with the LiTDI-based elec-
trolyte.
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Figure 12. Si 1s spectra of the pristine, OCV, 0.13 V, 0.01 V and 0.9 V silicon elec-
trode sample, and the measurements were carried out with an excitation energy of
6015 eV. N Is and F 1s (2005 eV excitation energy) spectra of the 0.13 V, 0.01 V
and 0.9 V sample.

The binding energies of N 1s and F 1s peaks for the pristine LiTDI salt
are ~399 and ~688 eV, respectively as presented in Figure 12. After the
electrochemical cycling at rather low potential, the LiTDI decomposed as
new N 1s and F 1s features are observed at ~400.8 and ~685 eV (LiF). The
relative amounts of these decomposition products are rather low compared to
the LiTDI salt as both the peak areas are smaller.
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4.3  Silicon paper electrode

Copper foil, which has rather high density, is commonly used as current
collector for anodes in lithium-ion batteries. The high weight of this electro-
chemical inactive material significantly reduces the gravimetric energy den-
sity of a battery, and in this section, the properties of the freestanding (cop-
per current collector free) silicon paper electrode as anode for lithium-ion
batteries are presented and discussed based on paper III. The preparation
details are described in battery preparation as well as in the paper I11.

4.3.1 Physical properties

(a) (b)

o e ‘ ’_ . o P
"y T S e e TRV Y el

Figure 13. (a, b, ¢) The flexible silicon electrode under bending and twisting. (d, ¢)
and (f, g) SEM images of the CNT/CNC layer and the SINP/CNT/CNC layer, re-
spectively.

The paper electrode is ~30 um in thickness and consists of two layers: the
CNT/CNC network as the conductive substrate and SINP/CNT/CNC as the
active material layer. The electrode demonstrates excellent mechanical flexi-
bility and the tensile strength and Young’s modulus are 27.4 and 314 MPa,
respectively. Figure 13(a, b and c) show the electrode under bending and
twisting conditions. The surface morphology of the CNT/CNC and the
SiNP/CNT/CNC layers are presented as Figure 13(d, e) and (f, g), respec-
tively. As the diameters of the CNT and CNC are both ~10 nm, it is difficult
to distinguish between these two components in the SEM images. A rather
smooth surface is shown for the CNT/CNC sample while the surface is
rougher with the presence of silicon nano-powders, which has an average
particle size of ~50 nm. FT-IR and Raman results presented in paper III
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also confirmed the successful synthesis of the composite SINP/CNT/CNC
electrode.

4.3.2 Electrochemical characterizations
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Figure 14. Long-term cycling ((a) potential profile for the 1st, 2nd and 5th cycle (b)
specific capacity and coulombic efficiency) and rate capability performance ((c)
capacity at different current densities (d) potential curve at different current densi-
ties) of the flexible silicon electrode, respectively.

Galvanostatic cycling with a current density of 1 A/g Si between 0.01 V and
0.9 V was carried out to investigate the long-term performance of the free-
standing silicon electrode. As shown in Figure 14(a), large irreversible ca-
pacity, i.e. low coulombic efficiency, is observed for the first electrochemi-
cal cycle as the capacities of discharge (lithiation) and charge (delithiation)
processes are 6290 and 3070 mAh/g (based on Si), respectively. This low
coulombic efficiency is most likely due to the formation of SEI on the sili-
con particles as well as the CNT/CNC conductive substrate. Nevertheless,
the capacity after 100 cycles (1840 mAh/g, based on Si) was found to be
retained at 67% of the capacity achieved for the second cycle, showing a
rather good long-term cycling performance. As large volume change is ex-
pected with the cycling condition used, the results prove the importance of
the CNT/CNC network in achieving good SiNP adhesion and mechanical
stability of the electrode. Rate capability tests were performed with current
densities of 0.2, 0.5, 1, 2, 3 and 5 A/g, respectively, and the results are

33



shown in Figure 14(c, d). The average capacity achieved with a 0.2 A/g cur-
rent density was ~3250 mAh/g and it decreased as the current density in-
creased. However, when the current density was changed to 0.2 A/g after the
cycling at different current densities, the capacity was increased back to
~3200 mAh/g, indicating a good capacity retention and rate capability.

34



5. Conclusions and future work

This thesis presents the investigation of the interfacial chemistry on the sili-
con electrodes with FEC as electrolyte as additive and LiTDI salt-based elec-
trolyte, respectively, using photoelectron spectroscopy as the main character-
ization technique. The facile synthesis as well as the electrochemical per-
formance of the flexible and freestanding silicon paper electrode is also
demonstrated.

Fluoroethylene carbonate is well-know electrolyte additive for alloy-type
anode materials, especially silicon, to improve coulombic efficiency and
capacity retention. The galvanostatic cycling performed on the silicon half-
cells using FEC/LP40 and LP40 electrolytes confirmed the effectiveness of
the FEC additive, as the long-term cycling was substantially improved with
10 wt% of FEC in the LP40 electrolyte compared to LP40-only electrolyte.
It is found that the FEC additive decomposes prior to other electrolyte sol-
vents, and forms a conformal and stable SEI layer, which limits further elec-
trolyte solvent decomposition. This SEI layer well prevented the emergence
of cracks and preserved the void structures of the silicon electrode. The non-
destructive PES depth profiling shows the SEI mainly consists of the FEC
decomposition products, such as LiF, -CHF-OCO,- type compounds, etc.

LiTDI has been investigated as an alternative lithium salt to the widely
used LiPFs in the electrolyte for silicon electrodes. Large irreversible capaci-
ty during the first electrochemical cycle was observed, indicating significant
SEI formation. Hard X-ray photoelectron spectroscopy (HAXPES) was used
to study the composition of the SEI layer, which was found mainly to con-
tain hydrocarbon, ether-type and carbonate-type species. Salt decomposition
was also observed, but no detrimental effect towards the active silicon mate-
rial was noticed, showing a good stability with silicon electrodes.

Since the use of the heavy weight copper current collector for the anode
significantly reduces the specific energy density, a freestanding (Cu current
collector free) silicon paper electrode is developed using a facile synthesis
approach. The electrode consists of two layers: CNC/CNT as the conductive
substrate and SiNPs/CNC/CNT as the active material layer, and the obtained
flexible electrode shows good mechanical properties. Although the irreversi-
ble capacity was large (~51 %), rather good long-term capacity retention (67
% of the capacity obtained for the second cycle) was achieved after 100 cy-
cles. Promising rate capability was observed as a capacity of ~800 mAh/g
(based on the silicon weight) even at a current density of 5 A/g.
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The present work shows the promise of the silicon anode with compatible
electrode formulation, electrolyte composition and cycling conditions. Fur-
ther work will be devoted on optimizing these aspects for the silicon anode.
The study on lithium iron silicon cathode has not been a focus in this thesis
work, but more work needs to be done for the cathode in order to achieve
good performance of the ‘‘all silicon lithium-ion batteries’’. Besides, the
understanding of the interfacial chemistry on the silicon electrodes, especial-
ly the SiO,/Si surface chemistry, is essential and still needs more work. It is
also important to explore different characterization techniques so that more
comprehensive information can be obtain in the studies.
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6. Sammanfattning pd svenska

Olika teknologier for elektrokemisk energilagring sdsom bly-syra-, nickel-
kadmium-, nickel-metallhydrid- och litiumjonbatterier utnyttjas i sé&vil por-
tabel elektronik som elfordon. Bland dessa tillgéngliga teknologier har li-
tiumjonbatterier stora fordelar vad géller specifik energidensitet bdde i avse-
ende pé vikt och volym gentemot de andra teknologierna. Sedan Sonys lan-
sering av litiumjonbatterier 1991 sd har en fOrbéttring av prestandan hos
denna teknologi pagatt kontinuerligt genom utvecklandet av nya elektrod-
material, nya elektrolyter samt optimering av elektrodformuleringen, dessu-
tom har en avseviard mingd forskning lagts pa forstéelse for de grundlag-
gande mekanismerna som sker i lititumjonbatterier for att ta utvecklingen ett
steg lingre.

Syftet med projektet dr att utveckla ett fungerande batteri med kiselbase-
rade elektroder, genom anvindandet av litiumjédrnsilikat som katodmaterial
och rent kisel som anod. Bade litium-jarnsilikatet med sina ~330 mAh/g, om
man riknar tva litiumjoner per formelenhet, och kisel med ~3600 mAh/g har
hogre teoretisk kapacitet dn dagens vanligaste kommersiella material, ko-
boltoxid och grafit, som ligger pd ~160 mAh/g och ~360 mAh/g respektive.
En o6vergang till jarnsilikat och kisel som elektrodmaterial skulle 6ka den
specifika energin i batterierna. Dessutom finns goda mojligheter till att
minska kostnaden for batterier genom anvindandet av kiselbaserade elektro-
der, eftersom kisel dr ett av de vanligaste forekommande grunddmnena pé
jorden.

Fokus i detta arbete har legat pa att forbadttra prestandan i den rena kisel-
anoden samt forstd elektrodens funktion under drift. Ett allvarligt problem
med kiselbaserade batterier dr att deras prestanda forsdmras relativt snabbt
pa grund av de stora volymsfordndringar som elektroden genomgar vid den
legering mellan lititum och kisel som sker under cykling. Det passiverande
gransskiktet mellan elektrod och elektrolyt, d&ven kallat SEI frén engelskans
Solid Electrolyte Interphase, utsétts for stora mekaniska péafrestningar pa
grund av volymsfordndringen. 1 detta arbete undersoktes inverkan av
fluoroetylenkarbonat (FEC) som elektrolyttillsats i en karbonatbaserad stan-
dardelektrolyt med litiumhexafostat som salt (LP40). En signifikant forbatt-
ring av batteriets prestanda kunde uppnas. Undersokningar av ytmorfologin
visade att denna forbéttring beror pa att FEC kan begrénsa den kontinuerliga
elektrolytnedbrytningen och uppkomsten av sprickor i elektroden. Detta
genom bildandet av ett stabilt SEI lager som till storsta del bestir av ned-
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brytningsprodukter fran FEC, sdsom litiumfluorid och fluorerade kolviten
innehéllande en karbonatgrupp (-CHF-OCO;-). Den foreslagna mekanismen
for detta illustreras i figur 1. Resultaten visar hur viktigt ett stabilt SEI lager
ar, sdvil som optimeringen av elektrolytens sammanséttning.

SEI SEI .
: Spricka

FEC/LP40 LP40

Figur 1. Schematisk illustration av de olika SEI lagren som bildas pd en kiselelek-
trod under elektrokemisk cykling i en karbonatbaserad standard elektrolyt (LP40)
med FEC (a), och utan FEC (b) i elektrolyten.

I denna studie har dven ett alternativt salt till elektrolyten for tillimpning-
ar med kiselelektroder blivit undersékt. Den Coulombiska verkningsgraden
for den forsta cykeln var relativt 1ag (44.4%), vilket huvudsakligen tillskrivs
bildandet av ett SEI lager bestdende mestadels av kolviten av eter- och kar-
bonattyp.

Utover detta studerades dven flexibla kiselelektroder beredda av kisel-
nanopulver, Cladophora nanocellulosa, och kolnanordr via en okomplicerad
vakuumfiltrering. Goda mekaniska egenskaper i form av stabilitet och flexi-
bilitet uppvisades, vilket kommer vara vitalt for att uppna bra prestanda i
olika portabla elektroniska enheter. Aven om den initiala kapacitetsforlusten
var stor sd visade fortsatt cykling pd god stabilitet over ett intervall pd 100
cykler. 67 % av den andra cykelns kapacitet bibeholls vid forsokets slut och
en kapacitet pd ~800mAh/g uppmattes vid en stromtéthet pad 5 A/g, rdknat pé
kiselelektroden.
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