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ABSTRACT

HIGH CAPACITY ANODE MATERIALS FOR
LITHIUM - ION BATTERIES

Omer Ulag Kudu
M.S. in Materials Science and Nanotechnology
Advisor: Eda Yilmaz
January, 2017

Huge energy demand in the world has caused depletion in non - renewable
energy sources, and global climate change due to the consumed fuel exhausts.
Renewable energy sources are eco - friendly alternatives. Electrochemical energy
storage systems (EESS) are useful tools to store the energy, which is harvested
from the renewable sources. Lithium - ion batteries are currently the most pop-
ular EESS owing to their several advantages over other systems. However, for
their use in high energy demanding applications like electric vehicles, new elec-
trode materials with higher capacities are required. Here, we demonstrate two
anode materials with high capacities, aluminum and silicon. We address prob-
lems regarding their commercial applications and offer solutions. To improve the
properties of aluminum, we fabricate aluminum - copper thin films via sputtering,
then we apply age hardening to the alloy. We observe that age hardening indeed
increase stability of aluminum anodes. In the second work, we synthesize silicon
nanoparticles via laser ablation, whose sizes are smaller than 20 nm, and embed
them into carbon nanofibers (CNFs) via electrospinning. The electrochemical
battery tests are conducted with only CNFs, CNFs with commercial Si nanopar-
ticles and CNF's with laser ablased Si nanoparticles. The cyclic stability of these
composites are observed along with their rate capabilities.

Keywords: Lithium - ion batteries, anode materials, high capacity, high energy

density, electrospinning, age hardening, silicon, aluminum.
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OZET

LITYUM IYON PILLERI IGIN YUKSEK KAPASITELI
ANOT MALZEMELERI

Omer Ulag Kudu
Malzeme Bilimi ve Nanoteknoloji, Yiiksek Lisans
Tez Danigmani: Eda Yilmaz
Ocak 2017

Diinyada yiikselen enerji ihtiyaci, yenilenemez enerji rezervlerinin azalmasina,
harcanan fosil yakitlarin da kiiresel iklim degisimine yol agmasina sebep olmak-
tadir. Yenilenebilir enerji kaynaklarindan elde edilen enerjiyi saklayabilien elek-
trokimyasal enerji depolama sistemleri (EESS), fosil yakitlara gevre dostu bir al-
ternatif olugturmaktadir. Diger sistemlere gore cesitli yonlerden avantaj saglayan
lityum iyon pilleri, an itibariyle en poptiler EESSdir. Fakat, elektrikli araclar gibi
ygksek enerji tiiketen uygulamalarda kullanilabilmeleri i¢in, daha yiiksek kapa-
siteli elektrot malzemeleri gerekmektedir. Bu caligmada, aluminyum ve silikon
gibi iki farkh yiiksek kapasiteli anot malzemesini sunulmaktadir. Ticari kul-
lanimlarina engel olan problemler isaret edilip, ¢oziim oOnerileri sunulmaktadir.
Aluminyumun o6zelliklerini gelistirmek icin, sputtering metodu ile aluminyum
bakir ince filmleri tiretilip, daha sonra yasglandirarak sertlestirme metodunu uygu-
lanmaktadir. Yaglandirarak sertlestirme metodunun gercekten de aluminyum
anot malzemesinin stabilitesini arttirdigi gozlemlenmistir. Diger caligmada ise,
lazer ile agindirma ysntemini kullanarak, 20 nmden kiictik silikon nanoparcaciklar
tiretilip, elektro lif gekimi yontemiyle hazirlanmig karbon nanoliflerin (KNL) igine
gomiilmiigtiir. Elektrokimyasal pil testleri; yalmz KNL ile, ticari silikon & KNL
kompoziti ile, ve lazer ile agindirma yontemi ile tiretilmig silikon & KNL kom-
poziti ile gerceklestirilmigtir. Bu kompozitlerin kapasite stabiliteleri ve degisik
akimlardaki performanslari gozlenmistir.

Anahtar sozcikler: Lityum iyon pilleri, anot malzemeleri, yiiksek kapasite,
yiiksek enerji yogunlugu, elektro lif ¢ekimi, yaslandirarak sertlestirme, silikon,

aluminyum.
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Chapter 1

Introduction

1.1 Electrochemical Energy Systems

Expectations from electrochemical energy systems like fuel cells, supercapacitors
and batteries have raised further due to quick depletion of fossil fuels, and the
pollution and global climate change which are caused by combustion reaction of
variety of engines powered by them, in the past few decades [1H3]. Particularly,
there has been a boost of attraction to batteries, which have high energy and
power density, owing to their use in portable consumer electronic devices such as
cellular phones, laptop computers, digital cameras and implantable medical ap-
plications. In fact, their worldwide market value was pronounced by ten billion
dollars per annum in 2008. However, current performances of commercial batter-
ies are still not sufficient for their proper utilization in advanced applications such
as future electric vehicles. Batteries, which are to be used in electric vehicles, are
expected to provide quick charging, high energy and power density for long travel
distances. The search for advanced batteries is particularly focused on lithium -
ion batteries (LIBs) since they were made commercially available by Sony in early
1990s, owing to their superiority in terms of power density (5-6 times higher) and
energy density (2-3 times higher) compared to other rechargeable battery systems

such as nickel - metal hydride, nickel - cadmium and lead - acid batteries [4-6].



Although some different electrochemical energy systems like supercapacitors and
lithium - air batteries are more advantageous in terms of power density and energy
density, respectively, they have their own drawbacks. To illustrate, supercapaci-
tors offer poor energy density while lithium - air batteries suffer from poor cycle

life, hence LIBs still remain more popular. [7HL1]

The essence of predominance of LIBs is associated to the employment of non-
aqueous electrolytes because they allow the battery to perform in harsh conditions
such as high cell potentials (~ 4 V), and high operating temperatures. Along with
relatively higher energy density, LIBs offer long cycle life and low self - discharge.
Furthermore, there is no limitation on partial charging since so - called "memory
effect” does not exist in LIBs. [1,2,4-6] On the other hand, although they possess
many advantages over other rechargeable battery systems, commercial LIBs of
today could offer only 163 km travelling distance if they are used as energy
storage devices in electric vehicles. [12] The standard for an electrochemical energy
storage device to be conveniently used in an electric vehicle has been issued by
The United States Advanced Battery Consortium (USABC), which claims that
the device should provide more than 200 Wh/kg and 300 Wh/L energy density
at a discharge rate of C/3 (C indicates the discharge rate at which the device is
completely charged/discharged in 1 hour), and at least 80% of its initial capacity
should be retained after 1000 cycles. [13}/14] Therefore, there is still much room

for improvement in the performance of LIBs.

1.2 Working Mechanism of LIBs

Typically, commercial LIBs are primarily composed of a reductant negative elec-
trode (anode), an oxidant positive electrode (cathode), and a non-aqueous elec-
trolyte. In operation of the battery, Li* (Li*) shuttle between the electrodes
(where the name "rocking - chair cells” comes from). During discharge, Li* leave
the anode, travels through the electrolyte and intercalate into the cathode. The
movement of Li* are reversed in charging process while the electrons are trans-

ferred via an external circuit during both of the operations [15,(16]. The energy

2



acquired /required from/for the ion motion is harvested /stored electrochemically
in the battery (see Figure [L.1]).

Charge Charge
—— ——
— —
Discharge Discharge
o e
—y h

Negative electrode (Anode)
Positive electrode (Cathode)
Li* Conducting Electrolyte

Charge

Li*ion

/‘u .
- I I I

Discharge

e

——
2

Figure 1.1: Schematic representation of the working mechanism of commercial
LIBs

The chemistry happening in LIBs is elaborated in Figure further. Open
circuit potential of a battery is defined by potential difference between electro-
chemical potentials of franede and fioarhode (anode’s and cathode’s Fermi ener-
gies). On the other hand, energy levels, which correspond to lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) of
electrolyte, determines the working potential window of the electrolyte . If an
anode material of a battery has a higher electrochemical potential than LUMO
of the battery’s electrolyte, the electrolyte is reduced by the anode and a pas-
sivization layer, also known as solid - electrolyte interface (SEI), will be formed.
Similarly, if a cathode material, which has lower electrochemical potential than
HOMO of the electrolyte, is hired in a battery, the electrolyte will be oxidized.
Since SEI leads to undesired effects such as blocking the electron transfer during
battery operation, designing electrode materials, whose electrochemical poten-

tials are positioned in range of working potential window of the electrolyte, is

crucial [18|[19].

In today’s commercial LIBs, LiCoOs is the most widely used cathode material
while graphitic carbon is a material of choice for the anode side. Electrochemical

reactions that take place in commercial batteries are demonstrated below:
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Figure 1.2: Schematic representation of energy levels of components in LIBs

Cathodic reaction:

LiCoOy <= Liy_,C00s+ xLit 4+ ze” (1.1)

Anodic reaction:
2Cs + xLit + ve” <= xLiCs (1.2)

Overall reaction:
LiCoOqy + .ICG < Lil_a;COOQ + JfLZCﬁ (13)

Before LIBs’ commercialization, lithium metal was used as anode in lithium
batteries, which caused several problems. When lithium is employed in the anode
side, parasitic reactions are observed during the operation due to the chemical
reaction between lithium and non - aqueous electrolyte. As a result, SEI forms
on lithium electrode and prevents further corrosion of the electrode; however,
Li* forms dendrites on the layer that cause short circuit . The dendrite region
is then faced local overheating, which cause serious safety issues . To
overcome these issues, lithium insertion compounds have been used as lithium -

ion battery electrodes. For example, graphite is now the most excessively used
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anode material that can provide better safety, but it comes with several drawbacks
such as low capacity (372 mAh/g), low Li* ion diffusion coefficient, high volume
change (~ 9%) during operation and low operating potential (<0.2 V vs Li/Li"
electrode) [22,23].

There are different lithium transition metal oxides which are conventionally
employed as cathode materials (LiMO,, where M is a transition metal) for LIBs
[6]. The problem related to transition metal oxides is that they release oxygen
from their lattice at high temperatures [24]. Materials having polyanion groups
offer relatively higher stability at elevated temperatures [6,25,26]. However,
although they propose improved safety, they generally suffer from low ionic and
electric conductivity, which lead to poor energy and power density [27,28]. There
are some ways to overcome conductivity related problems in electrode materials

and the methods will be discussed thoroughly in the upcoming sections.

Electrolytes for LIBs are classified according to their physical state at room
temperature, which are referred to as solid, liquid and gel electrolytes. Each
type is useful for different applications. Liquid electrolytes are generally pre-
ferred in portable electronic devices owing to their superior ionic conductivity |29],
which leads to better performance at high power applications. Even though solid
electrolytes possess poor ionic conductivity at room temperature, they greatly
enhance the battery stability and safety. In addition to hindering SEI layer
formation in the electrodes, they do not suffer problems related to electrolyte
leakage [30]. Gel electrolytes, on the other hand, are introduced to combine the
advantages of solid and liquid electrolytes to form an electrolyte with high ionic

conductivity, flexibility and safety [31].



1.3 Pathway to High Performance Anode Ma-

terials

Having mentioned the current challenges in lithium - ion battery field, it is clear
that anode materials need progression along with the other components. Since
this thesis is dedicated to anode materials, they will be the primary focus from this
part on. One needs to be careful about some key parameters such as material
selection, and the material’s structural formation before offering a new anode

material to the field. Hence, these parameters will be elaborated in this section.

Table 1.1: Properties of some of the high capacity anode materials for LIBs

Materials Li C Si Sn Sh Al Mg
Density (g/cm®) 053 225 2.3 73 6.7 27 1.3
Lithiated Phase Li LiCs LiggSi LigySn LigSb  LiAl LisMg
Theor. Cap. (mAh/g) 3862 372 4200 994 660 993 3350
Volume Change (%) 100 9 420 260 200 96 100
Potential vs Li/Lit (V) 0 0.05 04 0.6 0.9 0.3 0.1

Depending on the material to be used as anode; lithium - ion storage capacity
of material, energy density of battery and stability of electrode change [32]. The
capacity of an electrode is determined by recording the electrochemical reaction’s
current and the reaction time during its LiT ion uptake. Optionally, gravimetric
and volumetric capacities of the electrode could be obtained by taking its weight
and volume into account, respectively. Furthermore, energy density of a material
is obtained by multiplying the capacity with the potential difference between the
anode and the cathode. Thus, a good anode material should offer both high
capacity and low electrochemical potential. Some of the possible elements to be
used as high capacity anode materials for LIBs, and their properties are listed
in Table [33]. Nevertheless, materials with electrochemical potentials, which
are not in the working potential window of the electrolyte, are susceptible to
side reactions, which cause instability in SEI. There are different solutions to

this problem such as coating electrode material, or forming various structures



to embed the material into some protective environment, which should have no

hindering effect on the cell operation mechanism.

Secondly, ionic and electronic conductivities of electrode material are crucial
limiting factors because any hindering effect on electronic and/or ionic movement
causes overpotential, and reduces reversibility and energy density. Nevertheless,
long intercalation distance of Li* ion and low electronic conduction could be
fixed by applying some strategies such as forming nano morphologies, doping
and/or coating the active material with various type of materials. Particularly,
implementing nanochemistry enhances electric conductivity while reducing the
diffusion distance for Li™ ions. Consequently the battery life and its energy

density is improved [34,35].

Furthermore, volume changes during cell operation could result in pulveriza-
tion of the electrode, which is often observed in high capacity materials. As a
result, active material falls off from current collector and does not contribute to
electrochemical reaction, which results in large irreversible capacity losses [36].
Pulverization could be prevented by employing strategies that are similar to the
ones, which are hired in occasions where stability and conductivity problems are

present.

Although size reduction and coating offer a promising pathway for reversible
anode materials with high energy density, one should be careful with its design
parameters [37-39]. For example, decreasing the active materials’ size leads to
higher surface area. Provided that the uncoated surfaces of electrode materials are
prone to side reactions and SEI formation, poorly modified nano structure could
easily produce large irreversible Li™ ion consumption, increase in the electrode
resistance due to electrically insulating SEI layer, and poor Coulombic efficiency
[40-42]. At this point, coating the surface of active material can improve the
electrode’s reversibility, however, it would form a dead weight in the anode which
does not contribute to the redox reaction, hence the gravimetric energy density
is compromised [22]. In addition, particle size of an anode material is inversely
proportional to its volumetric energy density [43]. Hence, it is critical to optimize

the parameters of nano morphology and coating of anode materials.
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1.4 Anode Materials According to Their Chem-
istry

As mentioned previously, working principle of lithium - ion materials is primarily
based on intercalation of Li™ ions to host electrode materials. Moreover, the im-
portance of morphology is emphasized and optimization of structure parameters
is suggested in the former sections. According to lithiation mechanism, anode
materials are classified as insertion based anode materials, alloying based anode
materials and conversion reaction based anode materials. Each mechanism comes
with a set of advantage and its limitation, which will be discussed in detail in the

subsections.

1.4.1 Insertion Based Anode Materials

In insertion based anode materials, Li* ion intercalation is proceeded through
vacancies, which are already present in the structure. This mechanism is mostly
observed in transition metal oxide electrodes, which are generally hired as cath-
odes, but it is also observed some materials that are used in anodes, such as
carbon and titanium based materials (i.e. LTO) [22,44]. Characteristically, these
materials are stable and safe due to their moderate reaction potentials and low
volumetric change. In addition, they offer good power density and reaction kinet-
ics as they contain obstacle free one and two dimensional diffusion paths [45}/46].
On the other hand, the main disadvantage of these anodes is that they provide

low or moderate capacities [47].

According to the variation in electrode potential during the intercalation, the
insertion mechanisms are sorted as homogeneous or heterogeneous insertions. The
potential remains constant throughout the reaction in heterogeneous insertions
while it is continuously changed in the homogeneous insertions. Homogeneous
insertions are considered to be advantageous over the heterogeneous counterparts

as the kinetics are faster, the electrode remains more stable and it is possible to



monitor state of charge of the anode [16,48].

1.4.2 Alloying Based Anode Materials

As it is inferred from the name, the function of alloying based anode materials,
which are generally metals and semi - metals such as aluminum, tin and silicon,
is that they form alloys with lithium upon the intercalation. These type of al-
loys draw attention of the researchers primarily owing to their very large energy
densities. In addition to their excellent capacity (up to 4.2 Ah/g) and low oper-
ating potentials, these materials are highly abundant and cheap. Nevertheless,
they are prone to the pulverization effect, which was mentioned in the previous
sections, since large number of Li™ ion uptake causes huge volumetric changes up
to 300-400 vol% in the electrode. The change consequently damages the connec-
tion between active material and current collector [49-51]. There are numerous
strategies to reduce the damage occuring on the electrode and to increase the

electrodes’ stability, and they will be discussed in detail in the following sections.

1.4.3 Conversion Reaction Based Anode Materials

Conversion reaction based anode materials are generally composed of compounds
of transition metals and O, S, N, and P. During cell reaction, Li* ions reduce the
transition metal to its metallic state and form a new compound with the anion.
Although this kind of reaction was not foreseen earlier, it was found out that it
was possible to obtain very high capacity values with this type of reaction [52].
Their electrode potential is proportional to bond strength of the bond between
the metal and the anion, and it varies generally from 0.5 V to 1 V vs Li/Li* [53].
Notwithstanding, in addition to their moderate stability, they also have large
overpotential, which leads to poor energy efficiencies [54]. The overpotential is
proportional to electronegativity of the anion while it is inversely proportional to

the compound’s ionic conductivity, and disorder of its crystal structure [55,56].



1.5 Motivation

In this thesis work, we aim to propose strategies to increase electrochemical per-
formances and stabilities of two alloying based anode materials, which are silicon
and aluminum, for LIBs. As shown in Table [I.I| both the materials offer very
high Li* ion storage capacities, and low operating potentials. Although they
promise high energy densities in theory, they face some serious problems, which
make their commercial usage unfeasible, during operation. In the following sec-
tions, each material will be introduced in more detail, complications regarding
their operation will be explained, and possible pathways to enhance the materials’
performance will be addressed. Furthermore, materials and methods that were

hired for these studies will be presented along with results that were obtained.
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Chapter 2

Materials & Methods

2.1 Materials

Commerical silicon nanopowders (>99% purity, AVP = ~ 100 nm) were pur-
chased from Alfa Aesar. P - type silicon wafer had 99.999% purity, 0.1 ohm.cm
resistivity and its surface was composed of silicon (100) plane. Polyacrylonitrile
(PAN, Mw = ~150000) was purchased from Scientific Polymer Products. Sput-
tering target for aluminum and copper were bought from Kurt J. Lesker Company,
and purity for both was 99.99%. Stainless steel that was used as current collectors,
and sputtering substrates was 310 grade, which corresponds to austenitic stain-
less steel. Lithium metal, lithium bis(trifluoromethanesulfonyl) imide (LiTFSI),
isopropanol (IPA), N,N-Dimethylformamide (DMF), battery grade ethylene car-
bonate (EC), and dimethyl carbonate (DMC) were purchased from Sigma-Aldrich
and were used without further treatment. Celgard C480 membrane was purchased

from Celgard. Glass microfiber filter (GF/C) was purchased from Whatman.
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2.2 Methods

2.2.1 Synthesis of Silicon Nanoparticles

Silicon nanoparticles (<20 nm) were synthesized by employing laser ablation on
p - type silicon wafer, whose thickness was 500 um. The wafer was cleaned in
ultrasonic bath for 5 minutes in each of acetone, ethanol and water, subsequently.
Nufern NuQ fiber laser (NUQA-1064-NA-0030-F1) was hired for the ablation,
whose parameters were as follows: A laser of 1064 nm wavelength, a 100 ns pulse
width duration, a repetition rate/frequency of 30 kHz, a pulse energy of 60 mJ,
a spot size of ~3.8 mm at a focal length of 200 mm, and a fluence amount of
30 mJ/cm? at room temperature. The cleaned target was dipped in 1 cm thick
DMF solution. The ablation was carried out for 20000 cycles. 35 mL of silicon
nanoparticle solution is obtained during each operation. Resulting solution is

shown in Figure |2.1

Figure 2.1: a) Photographic image of the silicon nanoparticles which were syn-
thesized by laser ablation

12



2.2.2 Electrospinning of Silicon & Carbon Nanofiber

Composite

In preparation of silicon & DMF solutions, commercial silicon nanoparticles
(SiNP), and concentrated solutions (SiNPA1, SiNPA2), which were prepared by
evaporating a portion of DMF solvent at 60 °C for 2-3 days, were used. In densifi-
cation of SINPA1, DMF in 35 mL of silicon nanoparticle solution was evaporated
to yield a 15 mL solution. Highly dense SiINPA2 solution was obtained by re-
ducing the volume of DMF from 105 mL to 7.5 mL. Finally, the solutions were

sonicated for 30 minutes before mixing them with the polymer precursor.

Figure 2.2: Photographic image of the silicon nanoparticle & PAN solutions with
a) Silicon nanoparticles as synthesized, b) SINPA1 and c¢) SINPA2

The bead-free and uniform silicon & carbon nanofiber composite materials
were produced by using DMF as solvent. The homogenous electrospinning so-
lutions were prepared by dissolving PAN in silicon & DMF solution in different
percentages, and magnetically stirring for two days at room temperature (see
Figure . It was observed that below 8% PAN content, homogeneity in the
fibers was lost (see Figure [2.3)).
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Figure 2.3: Photographic image of bead formation in inhomogeneous electro-

spun fibers after carbonization, which contains 6 % PAN in its electrospinning
precursor
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\
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Si NPs homogenously
distributed in PAN matrix
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Figure 2.4: Schematic representation of homogeneous electrospinning silicon
nanoparticles & carbon nanofiber composite
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Table 2.1: Parameters and proportions used in electrospinning precursor prepara-
tion and electrospinning (The ”*” values are unknown since yield of the synthesis
procedure was not clear)

Electrode Name SC1 SC1° SC2 SC3 SC4 SChH
Si Precursor - - SiINP SiNPA1 SiNPA1 SiNPA2
%wt of PAN 10 8 10 10 8 8
Si:PAN ratio 0 0 1:6 * * *
Potential (kV) 15 12 15 15 12 12
Needle distance (cm) 15 15 18 18 15 18
Flow rate (ml/h) 0.75 0.75 0.75 1 0.85 0.5

Figure 2.5: Photographic image of the electrospun fibers

After clear solutions were obtained, they were loaded in syringes, which had
metallic needle tips with 0.6 mm inner diameter. The syringes were positioned
horizontally on a syringe pump (model KDS-101, KD Scientific, USA). One of
the electrodes of high-voltage power supply (Spellman, SL30, USA) was clamped
to the metallic needle. On the other side, plate aluminum collector, which was
the substrate for fiber deposition, was grounded (see Figure . The processes
were carried out at ~25 °C and ~20% relative humidity. The collected nanofibers
were dried over night at room temperature in a fume hood. The electrospinning
parameters and the solution proportions are given in Table 2.1} Furthermore, a

representative picture of the electrospun fibers is given in Figure [2.5
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2.2.3 Heat Treatment Steps of Silicon & Carbon

Nanofiber Composite

Stabilization of the electrospun fibers was obtained by heating the samples to 280
°C with 5 °C/min heating rate, then leaving the sample at the high temperature
for 2 hours. The stabilization procedure took place in open atmosphere. Later
on, the samples were heated to 800 °C with 5 °C/min heating rate, and similar
to the stabilization, they were held for 2 hours. Continuous argon flush was
applied after the stabilization. In Figure [2.6) an image of electrospun fibers after

carbonization was shown.

Figure 2.6: Photographic image of the electrospun fibers after carbonization

2.2.4 HF treatment of SC5

To remove the oxide layer on the silicon nanoparticles of SC5, 0.1 M HF solution
was employed. Carbonized samples were dipped into the HF solution, and kept
in the solution for 5 minutes. Afterwards, the samples were collected and dipped
into DI water, and kept for 1 minute. The procedure with DI water was repeated
twice. For further purification, the samples were put in ethanol for 5 minutes and

then dried in vacuum oven overnight.
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2.2.5 Thin Film Deposition of Aluminum and Aluminum

- Copper

Aluminum and aluminum - copper thin films were deposited on stainless steel
(SS) substrates by VAKSIS NanoD-4S RF magnetron sputtering system using
RT and RT - DC, respectively. Prior to deposition, SS substrates were cleaned
with acetone, ethanol and DI water, subsequently. The depositions took place at
room temperature and 20 mTorr pressure with 50 sscm constant Ar flow while 50
mm of constant target-to-substrate distance was maintained. 320 nm of aluminum
was continuously deposited using an RF power of 125 W. For the deposition of
aluminum - copper alloy, both DC and RF sources of the sputtering system were
exploited to avoid air exposure and oxidation. To maintain 4 wt% copper ratio,
required copper thickness on the substrate was calculated to be 4 nm. To prevent
exposure of the thin copper layer, it was sandwiched between two aluminum
layers, whose thicknesses were 160 nm each. During the deposition, the same
parameters, which were previously indicated in the aluminum deposition, were
applied for aluminum with RF source while a DC power of 150 W was hired for

copper deposition.

2.2.6 Heat Treatment Steps of Aluminum and Aluminum

- Copper

Aluminum - copper thin films were heated to 540 °C with 5 °C/min heating rate
using a tube furnace, and held there for 2 hours in open atmosphere. Then,
the samples were quenched by using ice - DI water solution. Aging process was
started when the temperature of the samples reduced to room temperature. For
aging, the samples were heated to 170 °C with 5 °C/min heating rate using the
same tube furnace, and held there for 14 hours in open atmosphere. Afterwards,
they were left to cool at room temperature. To compare the effect of the heat
treatment process, some of the aluminum thin film samples were also put through

the same heat treatment steps. Images of SS, aluminum and aluminum - copper
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Figure 2.7: Photographic image of (from left to right) SS, aluminum thin film
after deposition, aluminum - copper thin film after deposition, aluminum - copper
alloy after age hardening

thin films after deposition, and age hardened aluminum - copper alloy are shown
in Figure 2.7]

2.2.7 Characterization

Different tools such as FEI Tecnai G2 F30 Transmission Electron Microscopy
(TEM), FEI Quanta 200 FEG Environmental Scanning Electron Microscope
(SEM), Thermo Scientific X-ray Photoelectron Spectrometer (XPS) using Al Ka
radiation, PAN analytical XPert X-ray Diffractometer and PRO MRD diffrac-
tometer using Cu Ko radiation (XRD and GIXRD, respectively), TA Instru-
ments TGA Q500 (TGA) using dry air (H2O <1.5 ppm), and WITEC Alpha 300
Raman Microscope using a laser with 532 nm wavelength were exploited for the

characterization of the electrode materials.

For characterization of silicon nanoparticles after the synthesis, DMF solution
that contained the nanoparticles were dropped over copper and silica substrates

in XPS, Raman Spectroscopy, respectively. For TEM measurements, the solution
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was diluted with acetone to yield 5:1 acetone:solution ratio, then dropped over
a film carbon grid and dried in oven at 60°C and open atmosphere for a couple
of minutes. Furthermore, for TG measurements, previously carbonized materials

were used.

To characterize the electrodes after electrochemical testing, the batteries were
carried in and disassembled in glovebox. The electrodes were washed with 3 mL
acetonitrile to clean electrolyte residues. To avoid their contact with air, they

were sealed in glovebox and then moved to instruments.

2.2.8 Lithium - Ion Battery Preparation

The electrode materials were vacuum dried at 70 °C overnight, then rapidly put
into argon filled glovebox (O <0.5 ppm, HoO <0.5 ppm) to prevent air exposure.
Swagelok type cells were used to build lithium half cells where lithium metal
electrodes were used as anode materials (see Figure [2.8). Stainless steel current
collectors were hired for both electrodes. Celgard C480 separators were utilized
at anode while separators of the cathodes were glass microfiber filter (GF/C).
The electrolyte solutions of the cells were composed of 280 pL of 0.5 M LiTFSI
dissolved in EC:DMC (1:1) solution. The cells were sealed after the assembly to
prevent interaction with the atmosphere, and rested at room temperature for 11

hours prior to testing.
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Figure 2.8: a) Photographic image of the Swagelok battery cell b) Schematic
representation of the components in the battery assembly
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2.2.9 Electrochemical Characterization

Biologic Instruments SP - 150 Potentiostat was hired for CV and impedance
measurements of all the samples (see Figure 2.9h). For the aluminum samples,
0.5 mV/sec of scan rate was applied between 0.01 V - 1.5 V. For the silicon &
carbon nanofiber composite electrodes, same potential interval was used, however,
the scan rate was determined to be 0.1 mV /sec to differentiate the peaks of silicon
and carbon. Furthermore, for impedance measurements of the silicon & carbon
nanofiber composite electrodes, a frequency interval of 0.01 Hz to 1 MHz was
hired at OCV, with 10 mV potential oscillation amplitude.

For the galvanostatic measurements, Landt CT2001A multichannel potentio-
stat/galvanostat was employed (see Figure [2.9b). Different current rates (100
mA /g, 200 mA /g, 500 mA/g and 1000 mA/g) were applied to all the samples in
the voltage range of 0.01 V - 1.5 V.

For the aluminum samples, the sequence for galvanostatic measurements was
as follows: 10 cycles at 100 mA /g, 50 cycles at 200 mA /g, 10 cycles at 100 mA /g,
10 cycles at 200 mA /g, 10 cycles at 500 mA /g, and 10 cycles at 1000 mA /g. For
the aluminum - copper alloy, 10 additional cycles at 100 mA /g were applied after

the tests were finished.

Sequence for the silicon & carbon nanofiber composite electrodes was altered
to observe their rate capability behavior earlier than their cyclic stability like the
following: 10 cycles at 100 mA /g, 10 cycles at 200 mA /g, 10 cycles at 500 mA /g,
and 10 cycles at 1000 mA /g, 10 cycles at 100 mA /g, and 50 cycles at 200 mA /g.

Average electrode weights for the aluminum samples were 0.1 mg - 0.2 mg

while it was ~1.3 mg for the silicon & carbon nanofiber composite.
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Figure 2.9: Photographic image of a) Biologic Instruments SP - 150 potentiostat,
and b) Landt CT2001A multichannel potentiostat/galvanostat
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Chapter 3

Silicon Based Anode Materials

for Li - ion Batteries

In this chapter, fabrication and characterization of silicon carbon nanofiber com-
posite anode materials were presented and discussed after introducing silicon as
an anode material for lithium - ion batteries. The methods that have been used

through out the study were also explained.

3.1 Silicon as an Anode Material for Lithium -

Ion Batteries

Silicon is a very popular alloying based anode material for lithium - ion batteries
as mentioned previously. In addition to being the second most abundant element
on the earth, it also offers a very large capacity. After full lithiation, Lij5Si4
(yielding 3579 mAh/g theoretical capacity) and LixSis (yielding 4200 mAh/g
theoretical capacity) alloys are formed at room temperature and at 415 °C, re-
spectively. [57]. Furthermore, it offers a very high energy density provided that
it has an average discharge potential of ~370 mV vs. Li/Li* [5§].
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Thermodynamically, silicon should go through a series of phase transforma-
tions before it ends up with fully lithiated state as follows: Si to LijsSiy, LijsSiy
to LijgSiyg, LijgSizg to LijgSiy and LijzSiy to LisnSis. In practice, these trans-
formations are only observed as multiple potential plateaus at elevated tempera-
tures (i.e. 450 °C) while at room temperature, crystalline silicon is transformed
into amorphous silicon at ~100 mV vs. Li/Li* and continues cycling in that
state [59,|60]. Furthermore, formation of metastable Li;5Siy phase is observed

under 50 mV potential vs Li/Li* upon lithiation [61].

The problems related to employing silicon as electrode material could be in-
dicated in three main topics: Low intrinsic electrical conductivity, pulverization

and electrical contact loss, and unstable SEI formation.

Firstly, silicon is well - known for its semiconducting electrical properties.
When electric conductivity of an electrode material is low, it gives rise to over-
potential, which is especially pronounced at high current rates. Energy efficiency

of an electrode is dramatically reduced in presence of a large overpotential.

Secondly, high lithium uptake of silicon cause large volume changes (~400%)
during lithiation and delithiation, forming massive stresses. As a result, crack
formation is observed in bulk silicon, even during first electrochemical cycles.
Those cracks then lead to loss of electrical contact with current collector and
within the electrode, eventually form inactive dead weight. This phenomenon
is referred to as pulverization, and it is partially responsible for capacity loss in
silicon anodes [62]. On the other hand, electrical contact loss does not always
occur due to cracking. While volume of silicon contracts during delithiation
process, some particles can lose their contact with each other and some gaps can

form between them, which has similar consequences with pulverization [33].

Finally, it is important for SEI film to be stable for electrode materials as
mentioned previously. In the literature, it was confirmed with HRTEM, FTIR,
and XPS that SEI films in silicon electrodes are composed of LisCOg, Lis O, LiF,
various lithium alkylcarbonates (RCO,Li), and non-conductive polymers [63-66].

Note that the SEI of silicon is originally stable, however, the main problem of it
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is that because of the pulverization problem mentioned above, new surfaces are
exposed to electrolyte upon cycling. Thus, SEI formation proceeds and leads to

continuous capacity loss.

To circumvent these challenges, different applications of nanotechnology were
hired. First and foremost, reducing size increases surface to volume ratio, enhance
electric conductivity, and shorten diffusion distances of lithium ions [67]. One
could consequently obtain an electrode with lower overpotential, better rate ca-
pability, and higher capacity. Furthermore, nanoparticles are less prone to stresses
formed due to volumetric changes. In a study, it was proposed that particles with
lower diameter than 10 nm would not experience pulverization according to the
calculation of misfit stress energies of partially delithiated (lithiated core - delithi-
ated shell) particles with different sizes [68]. Although nanoengineering enhances
general properties of an electrode; stability, reversibility and energy density of
an electrode are highly dependent on nanostructure. Various morphologies were
investigated in the literature such as nanoparticles, nanotubes, porous spheres,

core - shell structures, and nanocomposite structures etc.

As mentioned above, silicon nanoparticles could withstand large volumetric
strains upon cycling; however, supplying and keeping electrical connection with
current collector and within electrode stands a problem [69]. Convensional slurry
methods including conductive carbon and binder addition did not prove effective
for silicon. Therefore reaching the full capacity and cyclic stability is problematic
for the nanoparticles. Silicon nanowires, on the other hand, are advantageous
over the nanoparticles as they provide one - dimensional electronic pathways
and each of them are connected to current collector. Hence, they supply robust
electric conductivity without requiring usage of conductive additive or binder.
Furthermore, the empty space between neighbour nanowires enable accomodation
of volume changes upon cycling. Combination of advances in electric conductivity
and buffer zone for volumetric change enhances capacity and cyclic stability of
silicon nanowires. In the literature, core - shell nanowire structures, where core is
an electrically conductive layer and shell is electrochemically active silicon, with
increased rate capability and cyclic stability were also reported [64]. On the other

hnad, core - shell structures are not inherent in the nanowires, they are also used
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in nanoparticles. Silicon nanoparticles are coated with amorphous carbon, which
helps buffering volumetric changes and provide electrical conductivity. Moreover,
it prevents direct contact of electrolyte to silicon, and forms a more stable SEI
[70,71]. It is also possible to form a structure with more than one shells to increase
the material’s properties. Luo et al. reported that they synthesized a core -
shell - shell nanoparticle structure with silicon - amorphous carbon - crystalline
TiOs, respectively [62]. Crystalline TiOy was used to form a better SEI layer
and improve mechanical properties of the nanoparticles. Additionally, thin film
silicon anodes were also tested at the initial stages of silicon research [72]. The
advantage of thin films is that the critical fracture stress is inversely proportional
to the film thickness according to the Griffith - Irwin relation [68]. Although some
cracks are observed after initial cycle, capacity fade is comparatively lower than

bulk silicon since cracked particles are still attached to current collector [73].

3.2 Electrospinning

Electrospinning is a method to generate exceptionally long and uniformly thick
one - dimensional nanofibers with solid or hollow interiors. With the method, it is
possible to form nanofibers with various compositions. Electrospinning technique
makes use of the uniaxial elongation of a polymer solution or melt, which acts as
a viscoelastic jet. Instead of hiring mechanical force for elongation, electrostatic
repulsion, which is obtained by applying a potential difference between two sur-
faces, is exploited. When compared to mechanical drawing, electrospinning can
provide much thinner fibers (considerably thinner than a human hair) [74,/75]. It
is particularly useful in electrode preparation as it is possible to form silicon &
carbon nanofiber composites by simply combining polymer solution and silicon
containing solution, then using the mixture as electrospinning precursor. Elec-
trospun composites combine the advantages of size reduction with stability and

conductivity of carbon nanofibers throughout the electrode.
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3.3 Silicon & Carbon Nanofiber Composite

Having mentioned different morphologies for silicon anodes, electrospinning of-
fers some advantages in electrode formation as it is a simple, cheap, and scalable
method for continuous silicon containing nanofiber production. Furthermore,
electrospun electrodes are composed of free - standing, ductile and conductive
nanofibers. They do not require conductive additive or binder addition to be
used as electrodes. Furthermore, the fact that they are able to free - stand elim-
inates the requirement of slurry preparation. There are different morphologies of
electrospun silicon & carbon nanofiber composites reported in the literature such
as continuous, core - shell, and porous structures [76-81]. Generally, commer-
cial silicon nanoparticles having diameter of ~50 - 100 nm are employed in the

composites.

In the continuous nanofibers, silicon particles are partially exposed to elec-
trolyte due to their large size, which results in SEI formation and capacity loss
upon cycling. In a continuous nanofiber composite study, commercial silicon
nanoparticles (~50 nm size) and PAN solution were electrospinned and then car-
bonized [81]. An initial specific discharge capacity of 1620 mAh/g and Coulombic
efficiency of 66.6% were obtained at 0.1 C current rate in a potential range of
0.01 V to 1.5 V. It was reported that after 100th cycle, 850 mAh/g of capacity

was obtained with 52.5% capacity retention.

In the core - shell structures, various type of studies were conducted. Xiao et
al. suggested a structure which is composed of PVDF membrane core. On top
of that, a conductive inert nickel shell and electrochemically active amorphous
silicon shell were coated via aqueous electroless plating and magnetron sputter-
ing, respectively [76]. In their galvanostatic measurements, they preferred to use
0.05 V - 1.2 V potential interval vs Li/Lit. Their anode yielded 3210 mAh/g
initial specific discharge capacity at 0.2 C while the capacity was reduced to 1821
mAh/g after 1000 cycles, providing 56.9% capacity retention. In a different ex-
ample, a core - shell - shell structure (using PAN - silicon - PAN precursors,

respectively) was designed by dual nozzle co - axial electrospinning, which was
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followed by carbonization [77]. In half cell measurements between 0.01 V - 3 V
potential range, their electrode provided 1479.8 mAh/g specific discharge capac-
ity with 82.7% Coulombic efficiency at 50 mA /g current rate. After 50 cycles,
their capacity was decreased to 886.5 mAh/g with a capacity retention of 72.4%

capacity retention.

Porous fiber electrodes, on the other hand, provide larger surface area, shorter
Li*™ ion diffusion path and increased silicon content to the composite. In an
example, Li et al. proposed electrospinning silicon nanoparticles with PAN and
PMMA precursor [80]. After carbonization, PMMA leads to formation of pores in
the structure. Their electrode offered 3109 mAh /g first overall discharge capacity
with 61% Coulombic efficiency when the half cell was cycled in between 0.05 V -
1.2 V at 0.05 C current rate. A discharge capacity of 950 mAh/g was obtained
80th cycle with 30.6% capacity retention.

In this study, we aimed to propose a free - standing, cheap and scalable con-
tinuous silicon & carbon nanofiber composite electrode with high capacity and
stability. To do that, we synthesized smaller silicon nanoparticles than what were
used in previously reported studies with different synthesis routes, then we homo-
geneously embedded and distributed the particles inside the carbon nanofibers.
With the help of size reduction, we tried to achieve complete coating of the par-
ticle to prevent electrolyte exposure, buffer the volumetric changes, and enhance
the ion diffusion kinetics. Polyacrylonitrile (PAN) was determined to be the poly-
mer source as it is a frequently used polymer in electrospinning and its carbon
yield after carbonization is relatively higher than other polymers. Furthermore,
we avoided to use metal or metal - oxide coating to decrease the cost and enhance

the ease of production.
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3.4 Results & Discussion
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Figure 3.1: a) Regional XPS scan for Si 2p of, b) Raman spectra of, ¢) TEM
image of silicon nanoparticles, which are synthesized via laser ablation
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Figure 3.2: Regional XPS scans for a) C 1s, b) O 1s, ¢) N 1s of SC1 before
carbonization (black), and after carbonization (red)

Figure represents regional XPS scan for Si 2p of silicon nanoparticles,
which were synthesized via laser ablation. According to the results, there are two
peaks located at 103.5 eV and 99.4 eV, which came from silicon in silica and Si
NPs, respectively. Since XPS is a surface characterization technique, and peak
intensity of Si - O bond is respectively higher than peak intensity of Si - Si bond,
it was concluded that silicon core is coated with a silica layer, which has a few nm
thickness. Presence of silicon was further proven with Raman spectroscopy, see
Figure Figure . The only peak that was observed lies between 500 cm ™! and
530 cm ™!, which is the strongest characteristic peak of silicon . In Figure ,
TEM image of the synthesized silicon nanoparticles having ~20 nm average size
were shown. In high - resolution TEM mode (see Figure [A.1h), it was observed
that the particles contain crystalline silicon cores, which were surrounded by a

native - oxide shell, whose presences were proven by EDX in Figure [A.Tp.
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Regional XPS scan for C 1s of only carbon nanofiber (CNF) electrode (SC1)
was given in Figure [3.2h. It was noticed that intensity of the peak at 284.8 eV,
which corresponds to graphitic carbon, was increased after carbonization while
the peak at 285.5 eV, which indicated C in C = N groups, was diminished. Oxygen
peak, which is located in between 532 eV - 533 eV, signifies the presence of organic
C - O and C = O groups in the fibers, and its intensity was slightly increased
after carbonization, see Figure [3.2b. It was probably originated from functional
groups, which were formed during the stabilization process of the fibers before
carbonization. Finally, in Figure [3.2c, it was observed that the nitrogen peak
diminished after carbonization, indicating that the nitrogen groups were almost
fully eliminated. It was inferred from the XPS results that the carbonization of

the fibers was successfully achieved.

When SEM images of SC1 before and after carbonization were investigated, it
was concluded that the fibers were homogeneously electrospun, see Figure [3.3a
and [3.3b. Diameter of the fibers before carbonization was 198T18 nm while
after carbonization the diameter was decreased to 140F15 nm. A reduction was
expected in the volume as well as the weight due to decomposition of side groups
and loss of nitrogen. The Raman spectrum in Figure demonstrates both
the D band (1440 cm™!) and the G band (1580 cm™!), which indicates that the
fibers were partially transformed into amorphous carbon, and there were some
defects on their structure. Since the carbonization temperature (800 °C) was not
too high, total carbonization of the fibers was not anticipated. Furthermore, TG
analysis of the fibers indicate that almost all the material was burned at 600 °C

in presence of O, as predicted, see Figure [3.3{d.
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Figure 3.3: SEM images of SC1 a) Before carbonization, b) After carbonization,
¢) Raman spectrum and d) TG curve of SC1

Regional XPS scan for Si 2p of SC2 in Figure [3.4h reveals that commercial
silicon nanoparticles were present with carbon nanofibers to form a composite.
There is a peak located at 99.4 eV, which came from silicon in the nanoparticles.
Furthermore, the peaks, which are distributed in between 101 eV and 105 eV,
indicate that there is a SiO,, layer around the nanoparticles. The graphitic carbon

peak located at 284.8 eV proves that the structure was not affected after the

silicon addition, see Figure [3.4p.

In Figure [3.5h, it was observed from the SEM image that the homogeneity of
the fibers was lost after commercial silicon nanoparticle addition. Diameter of
the fibers varied from ~100 nm to ~250 nm and some beads were visible. Af-

ter carbonization, the fiber diameter was reduced to ~100 nm, see Figure [3.5p.

Furthermore, agglomerated silicon nanoparticles, which had a few hundred nm
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Figure 3.4: Regional XPS scan of SC2 for a) Si 2p and b) C 1s, after carbonization

in size, were observable on top of the fibers. The inhomogeneity in particle dis-
tribution and the particle agglomeration were expected to cause critical drop in
performance of the electrodes. Presence of the nanoparticles after carbonization
was further proven by using Raman spectrum as shown in Figure 3.5¢. Charac-
teristic silicon peak at ~520 cm ™! was present along with the D and the G bands
in the spectrum. Similarity of the D and the G bands of this spectrum to the
spectrum of SC1 supports preservation of the amorphous carbon structure with
the silicon addition. According to the TG curve of SC2, the nanoparticle content
was measured to be ~35 wt%, see Figure [3.5(. Increase in the weight after ~600

°C was due to further oxidation of the nanoparticles.

Regional XPS scans in Figure[3.6]show the effect of changing parameters during
the electrospinning process. It was noted that the signal coming from silicon in
Si NPs at 99.4 eV was not observable in the regional scans for Si 2p (Figure
), although it was detected in XPS measurements of the silicon nanoparticle
precursor solution (Figure [3.1h). Since XPS is a surface analysis technique, it
was inferred that the nanoparticles were embedded inside the fibers, rather than
being deposited on their surfaces. Thus, only the oxide layer of the particles was
detected in between 101 eV and 105 eV. Furthermore, decreasing PAN ratio in the
electrospinning precursor solution from 10% to 8% seemed to increase intensity
of the signal coming from silicon, which was anticipated as the fiber thickness

was expected to be decreased. Increasing the concentration of the silicon solution
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Figure 3.5: SEM images of SC2 a) Before carbonization, b) After carbonization,
¢) Raman spectrum and d) TG curve of SC2

for the electrospinning precursor seemed to boost the silicon signal intensity one
step further in SC5, which was quite anticipated. According to regional scans for
C 1s in Figure [3.6b, however, there was no difference in the amorphous carbon

structure of the fibers if the amount of silicon or PAN precursor were changed.

Findings of XPS measurements were further supported by SEM, see Figure
B.7h, and [3.7c. There was no agglomeration of silicon nanoparticles on the
fiber surfaces unlike the observations made in SC2 (Figure [3.5p), so it was con-
firmed that the particles were embedded inside the fibers. Furthermore, diameter

of the fibers in SC3, which was 315F49 nm, was comparatively higher than the
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Figure 3.6: Regional XPS scans of SC3 (black), SC4 (red) and SC5 (blue) for a)
Si 2p and b) C 1s

Figure 3.7: SEM images (after carbonization) of a) SC3, b) SC4, and ¢) SC5

value of SC2. The increase was affiliated with decreasing silicon - to - carbon ra-
tio. On the other hand, fiber diameter was reduced to 133F22 nm in SC4, when
the PAN content of the precursor solution was decreased from 10% to 8%, which
could help enhancing the electrode’s total gravimetric capacity by increasing its
silicon - to - carbon ratio. In addition, SC4 seems to be denser than SC3, which
could also contribute to the electrode’s overall volumetric capacity. Nevertheless,
fiber connection in SC4 seemed to have some disconnections and distortions in
its structure, which could cause electric conductivity problems especially at high
current rates. Similar structural distortions were also observed in SC5 (see Fig-
ure 3.7c). An increase was observed in the fiber diameter to yield 16222 nm.
The increase was associated with the increasing silicon content due to the more

concentrated silicon solution, which was utilized in electrospinning procedure of
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SC5. It was noted that the silicon - to - carbon ratio was inversely proportional
with the fiber thickness up to some critical point, which was then followed by
a proportional relation. Furthermore, some particles were noticable close to the
fibers’ surface, which is in correlation with the XPS results as intensity of the

silicon was increased in SCb5.

TG curves of SC3 and SC4 were given in Figure [3.8] According to the curves,
5.9 wt% and 6.3 wt% of the materials remained after ~600 °C, respectively. Only
0.4 wt% difference was observed between SC3 and SC4. Hence, it was noted that
although the fiber diameter was decreased to almost half when the PAN content
in the precursor was reduced from 10% to 8%, it did not effect the silicon - to -
carbon ratio, dramatically. Furthermore, it was anticipated that these electrodes

cannot provide high lithium storage capacities due to their low silicon content.
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Figure 3.8: TG curves (after carbonization) of a) SC3, b) SC4

TG curve of SC5 was given in Figure [3.9n, which indicated that amount of
TGA remnant in this material was 16.9 wt% at ~600 °C. When it was compared
to amount of the remnants of SC3, 10.6 wt% of increase was calculated in SC5. It
was inferred from the results that when the silicon solution was densified prior to
mixing with the electrospinning solution, along with decreasing the PAN content
of the precursor solution from 10% to 8%, it was possible to enhance the silicon
content of the materials, greatly. Nevertheless, amount of silicon was measured
to be inferior than the value observed for SC2 (see Figure [3.5d). To have a

better understanding of silicon to silicon - oxide ratio in the particles, which were
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Figure 3.9: TG curves of a) SC5 after carbonization, b) SC5 after HF treatment

embedded in the fibers of SC5, another TGA was performed for HF - treated
SC5, and the result was presented in Figure [3.9b. After the oxide layer was
etched, amount of the remnants was calculated to be 7.9 wt%, which corresponded
to almost half the value of the pristine sample. Hence, it was concluded that

approximately half of the particles consisted of SiO, layers.

Further characterization steps were performed on HF treated SC5 to reveal
effect of HF to the material structure. High shift in silicon peak to lower binding
energy (see Figure [A.2h) indicated that elimination of the oxide layer was suc-
cessfully achieved. Small deviation in the peak from the Si’ peak at 99.4 eV was
considered as an effect of size reduction, where presence of surface atoms start
to dominate the structure and alter the bonding energy. While there was no
difference between the carbon peaks after the HF treatment (see Figure [A.2Db),
Figure represented presence of F' on the surface after the treatment. Fur-
thermore, SEM images of the sample showed correlation with the XPS results,
where there was no visible damage on the fibers (see Figure , and presence
of F was confirmed with EDS in Figure [A.3p. Moreover, lack of oxygen peak in
EDS additionally proved elimination of the oxide layer.

Figure [3.10| presents regional XPS scans for Si 2p and C 1s of SC5 before TG
analysis, and remnants of SC5H after the analysis. Expectedly, signals coming

from silicon in Si NPs was increased, see Figure [3.10h. Furthermore, SiO, zones
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Figure 3.10: Regional XPS scans of SC5 before (black), and after (red) TGA for
a) Si 2p, and b) C 1s

in the material were fully oxidized and resulted in forming a peak at 103.5 eV,
which indicates presence of silica. Carbon in the material, on the other hand, was
almost fully oxidized and evaporated since the intensity of carbon peaks reduced
dramatically, see Figure 3.10pb. Oxidization of carbon was further confirmed with

the peak with a small intensity, which was formed at ~288.5 eV and came from

Cin O - C = O groups.
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Figure 3.11: Raman spectrum of SC5 after carbonization
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Structure of the carbonized SC5 was investigated further with Raman spec-
troscopy, see Figure [3.11] Characteristic peak of silicon was almost fully dimin-
ished at ~520 cm~!. It was inferred that either the laser could not reach to
the embedded particles or signal coming from the particles was lost in the back-
ground. Ratio of D band to G band was observed to be comparatively higher
than the ratios for SC1 and SC2, which indicated that there were more defects
in fiber structure of SC5 than the other samples. Hence, it was expected for SC5

to perform poorer at high current rates.
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Figure 3.12: Cyclic voltammograms of a) SC1, b) SC2, and ¢)SC5, where the
first, the second and the third cycles were indicated with black, red, and blue,
respectively

According to cyclic voltammograms, SC1 showed a cathodic peak at ~0.7 V,
which corresponds to irreversible SEI layer formation (see Figure [3.12h). After
the peak, the current started to increase at ~0.4 V and showed no individu-
ally observable peak, which was due to the homogeneous insertion mechanism
of amorphous carbon. Furthermore, similar behaviour was observed during the
oxidation. In the following cycles, reversibility of the electrochemical reaction
was increased as area of the cathodic region gradually decreased and got close to
the value of the anodic region. In the voltammogram of SC2 (see Figure )
showed a different SEI formation profile in its first cycle, where there was no peak
to single out. It was inferred that presence of the commercial silicon nanoparti-
cles, which was composed of differently sized particles, on surface of the fibers led
to formation of SEI at different potentials. Two cathodic peaks were observed in
the first cycle at ~0.2 V and ~0.1 V. The peak at ~0.1 V indicated transition of
crystalline silicon to amorphous silicon; however, origin of the peak at ~0.2 V was

not clear. Presence of cathodic peaks was diminished in the second and the third
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cycles. Moreover, anodic peak at ~0.5 V arose from delithiation of amorphous
silicon - lithium alloy, whose intensity was continuously raised upon following
cycles. Along with the decreasing area of the cathodic side, it was noted that
reversibility of the reaction increased gradually. Figure shows the voltam-
mogram of SC5, where SEI formation exhibited a similar profile to SC1’s. In
addition, presenting no sharp cathodic peak suggested a homogeneous insertion
mechanism like SC1. On the other hand, an anodic peak with a small intensity
was emerged in the second cycle at ~0.5 V. Thus, it was concluded that a small
activation of the silicon in the structure was obtained. Lastly, reversibility of the

reactions was increased gradually, just like the previous electrodes.
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Figure 3.13: Galvanostatic charge/discharge curves of a) First 10 cycles at 100
MA /eathode, D) Last 10 cycles at 100 mA /gearhode, ¢) Cyclic stability measure-
ment at 20 mA/gearnode Detween 40th and 90th cycles, and d) Rate capability
measurement between 10th and 40th cycles, of SC1

Electrochemical characterization of electrode materials were further performed

galvanostatically, see Figure [3.13] A huge SEI layer formation was observed in
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SC1 at ~0.7 V with an initial discharge capacity of 1128 mA /g.qthode, and 39.9%
charge - to - discharge capacity ratio at 100 mA /geunoqe current rate. Stable
SEI formation of carbon is already well known and studied [83]. At the end of
first 10 cycles, where a homogeneous insertion mechanism dominated the Li,
ion insertion, the capacity was stabilized at 321 mAh/g.uthode, Which is close to
the theoretical capacity of graphite (372 mAh/g). The following rate capability
measurement indicated that the capacities of the electrode were 285 mAh/g athode,
247 mAh/gaihoge and 219 mAh /g uinode at current rates of 200 mA /g.qn0de, 500
MA /cathode a0d 1000 MA /geaihode, Tespectively. Afterwards, the electrode offered
96.7% capacity retention in 50 cycles with 99.6% average Coulombic efficiency.
At the end of the tests, it offered ~280 mAh/g..noqe discharge capacity at 100
MA /geathode current rate. Hence, the results indicated that carbon nanofibers

were successfully carbonized and were able to perform decently.

The same characterization steps were also applied to SC1’ to observe effects
on electrochemical performance of changing PAN content of the precursor so-
lution from 10% to 8%, and the results were presented in Figure It was
expected that reduction in the PAN content would result in some discontinu-
ity in the fiber structure, hence a poorer electric conductivity. Expectedly, the
first discharge capacity was reduced to 819 mAh/g.qinode With 43.7% charge - to
- discharge capacity ratio. The capacity was stabilized at 261 mAh/guutnode af-
ter 10 cycles at 100 mA /geqthode. Furthermore, rate capability performance was
dropped in SC1’. Only 58.2% of discharge capacity was preserved when the cur-
rent rate was increased 10 times, while 68.2% of the capacity was sustained in the
same conditions. Although initial discharge capacity was lower in cyclic stability
measurement (202 mAh/g.unode), 99.3% capacity retention and 99.7% average
Coulombic efficiency were obtained, which was even better than the value for
SC1. The measurements were ended with 220 mAh/g.qn0de discharge capacity
at 100 mA /geathode, Which was comparatively lower than the value of SC1 (280
MAh/geathode). As a result, it was noted that the reduction in PAN content re-
duced discharge capacity and rate capability of electrode, while there was a small

increase in capacity retention.

Electrochemical performance of SC2 was diminished quickly, as expected, see

39



Coulombic Efficiency

1.50
1.251 ——1. Cycle
—2. Cycle
§1 00 —3. Cycle
o 4. Cycle
P75 5. Cycle
& 6. Cycle
>0.50- 7.Cycle
——8. Cycle
0.251 9. Cycle
0.00 : : , .| [ ==10.Cycle : : : :
0 400 800 1200 1600 400 800 1200 1600
Capacity (mAh/g) q Capacity (mAh/g)
C) ) 100 mA/g 200 mA/g 500 mA/g 1000 mA/g
1200 2000 , _ , !
< . W 100 _ — T ——Lmo
L1000 o ) 2160014 i i m |
> 800 o 180 3 g ! l | [
1 = Q i i i i
5 nr E T 1200 i i i i
3 = lgo LW o St i i i
8 600 e 0% ) L Al E i[9
3 " 2 2 800- i ; i 5
3, 40 , “© § A e
© 3 2 400 : A i
£ 200 20 O a] E E ir2o
0 ol . . . : —10 0 a ; j 7o
0 10 20 30 40 50 0 10 20 30 40
# of Cycles # of Cycles

Figure 3.14: Galvanostatic charge/discharge curves of a) First 10 cycles at 100
MA /Eeathode, D) Last 10 cycles at 100 mA /geathode, ¢) Cyclic stability measure-
ment at 20 mA/geathode between 40th and 90th cycles, and d) Rate capability
measurement between 10th and 40th cycles, of SC2

Figure It offered a very high first discharge capacity of 1618 mAh/gcqthode
with 70.2% charge - to - discharge capacity ratio, which shows correlation to
examples from the literature [76-81]. Furthemore, in the first cycle, crystalline
silicon nanoparticles turned into amorphous phase upon lithiation at ~100 mV, as
mentioned in the introduction section. In the following cycles at 100 mA /g current
rate, the electrode yielded a stable discharge capacity of ~1080 mAh/g..inode-
When the applied current was increased, however, the capacity values became
rather unstable. In average, the electrode yielded average discharge capacities
of 982 mAh/geathode, 530 MAL/geathode and 145 mAh/g.inoqe at current rates
of 200 mA/geathode; 500 MA/geathode and 1000 mA /geatnode, respectively. Rate
capability performance of SC2 was drastically lower than what SC1 offered, which

was due to low electric conductivity of large silicon nanoparticles. Then, the
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battery was practically failed after cyclic stability measurement for 50 cycles at
200 mA /geqthode current rate, offering only 5.1% capacity retention with 99.5%
average Coulombic efficiency. In the following last 10 cycles, the potential profile
became very unstable and the capacity was reduced to 61 mAh/g.utnode at 100
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Figure 3.15: Galvanostatic charge/discharge curves of a) First 10 cycles at 100
MA /Eeathode, D) Last 10 cycles at 100 mA /geathode, ¢) Cyclic stability measure-
ment at 20 mA/geathode between 40th and 90th cycles, and d) Rate capability
measurement between 10th and 40th cycles, of SC3

Electrochemical performance profile of SC3 quite resembles to SC1, exhibit-
ing a homogeneous insertion mechanism, see Figure |3.15 The first cycle at 100
MA /geathode Vielded 640 mAh/geqinoqe discharge capacity and 40.8% charge - to
- discharge capacity ratio due to the formation of SEI layer at ~0.7 V. The
capacity was stabilized at 200.6 mAh/g.qnoae after 10 cycles. In terms of rate ca-
pability, the electrode provided average discharge capacities of 156 mAh/g.qthodes
118 mAh/geuthode and 88 mAh/g.unode at current rates of 200 mA /geuinode, 500
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MA /cathode and 1000 MA /€ aih0de, TESPectively. In terms of cyclic stability, 91.1%
of the capacity was preserved at the end of 50 cycles, which is drastically higher
than the value obtained in the measurement of SC2. The average Coulombic
efficiency during the stability measurement was 99.9%, which indicates that re-
versibility of the electrochemical reaction is very high. The electrode exhibited
191 mAh/g.unoqe discharge capacity in the last 10 cycles at 100 mA /geqtnode CUr-

rent rate.
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Figure 3.16: Galvanostatic charge/discharge curves of a) First 10 cycles at 100
MA /eathode, D) Last 10 cycles at 100 mA /gearhode, ¢) Cyclic stability measure-
ment at 20 mA /g qutnode between 40th and 90th cycles, and d) Rate capability
measurement between 10th and 40th cycles, of SC4

Electrochemical characterization data of SC4 were given in Figure It ap-
pears from the first potential profile at 100 mA /gcqthode (Figure ), a high over-
potential was observed in the measurement. In the SEM images of SC4 (Figure
[3.7b), it was observed that the fibers contained some discontinuity in their mor-

phologies, hence an electrical conductivity problem was foreseen for the electrode.
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High overpotential problem as well as bad rate capability performance (Figure
3.16d) indicates that the conductivity of the electrode was, indeed, poor. Thus,
electrochemical reactions, which were taking place in the battery, were highly ir-
reversible. Even SEI formation of the electrode occured at a lower potential (~0.5
V) than the previous samples, yielding 321 mAh/g..in0qe discharge capacity and
18.2% charge - to - discharge capacity ratio. Low discharge capacities observed in
the first cycles (~83 mAh/g.unode after stabilization) signifies that both carbon
and silicon in the electrode was not properly activated. Expectedly, the electrode
performed a low cyclic stability by preserving 74.5% of its discharge capacity with
100.7% average Coulombic efficiency. In terms of rate capability, the electrode
provided average discharge capacities of 41 mAh/geuthode; 10 MAL/geatnode and
3 mAh/g.uihode at current rates of 200 mA/geathode, D00 MA /gearnode and 1000
MA /eathode, respectively. Having an average of ~77 mAh/g..inoqe discharge ca-
pacity at 100 mAh/g.qthode at the end of the measurements further prove that the

electrode cannot be activated at these current rates.

Electrochemical characterizations continued with galvanostatic measurement
of SCH, see Figure [3.17] The first discharge capacity was observed to be 633
MAh/geectroqe, Which yielded 43.3% charge - to - discharge capacity ratio with
274 mAh/gejectrode charge capacity. Like the previous samples, the efficiency ob-
tained in the first cycle was very low; however, it was comparable to the first
Coulombic efficiencies of SC1 and SC1’. So, it was commented that irreversibility
of the first cycle was inherently coming from carbon nanofibers. In the following
cycles, the capacity was stabilized at ~220 mAh/gejectrode, Which was compara-
tively lower than the capacity obtained in SC1’. It was inferred that the silicon
activation problem was also present in SC5 although the effect was less catas-
trophic than it was for SC4. Defective carbon structure, which was revealed by
Raman spectroscopy and SEM, and low conductivity of silicon were considered to
be source of the overpotential, and the activation problem. Furthermore, in rate
capability measurements, average discharge capacities of 169 mAh/g.icctrode, 133
MAh/geectrode, and 102 mAh/geeerroqe at current rates of 200 mA /gequinoge, 500

MA /geathode and 1000 MA /g 41n0de, respectively. Moreover, an average discharge
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Figure 3.17: Galvanostatic charge/discharge curves of a) First 10 cycles at 100
MA /eathode, D) Last 10 cycles at 100 mA /gearhode, ¢) Cyclic stability measure-
ment at 20 mA /g.unode between 40th and 90th cycles, and d) Rate capability
measurement between 10th and 40th cycles, of SC5

capacity of 186 mAh/gccirode Was obtained in the following cyclic stability mea-
surement with 97.2% capacity retention and 99.7% average Coulombic efficiency.
Lastly, in the last 10 cycles, the electrode gave 217 mAh/gejectroqe discharge ca-
pacity, which was very close to the initially stabilized capacity values. Although
the obtained stability values were quite good, lack of silicon activation stood as

a big disadvantage for the electrode.

It was predicted that eliminating the oxide shell around the particles in SC5
would enhance electron and Li™ ion transfer kinetics, as silicon oxide is known for
its insulating properties for the both. Hence, HF treated SC5 was also electro-
chemically characterized. Figure [A.4]represents CV curves of HF treated SC5. It
was noted that the anodic peak at ~0.5 V shifted to ~0.4 V and its intensity was
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Figure 3.18: Galvanostatic charge/discharge curves of a) First 10 cycles at 100
MA /geathode, D) Last 10 cycles at 100 mA /geathode, ¢) Cyclic stability measure-
ment at 20 mA/gainode between 40th and 90th cycles, and d) Rate capability
measurement, between 10th and 40th cycles, of HF treated SC5

increased, which indicated overpotential was decreased and reversibility of the re-
action was increased. In Figure[3.18| galvanostatic measurements of the electrode
were shown. The first discharge capacity was increased to 710 mAh/gejectrode With
45.3% charge - to - discharge capacity ratio. It was observed that a clear plateau
was formed at 100 mV, and it continued to appear in the following cycles. It was
inferred that activation of silicon was partially achieved; however, the activation
was not achieved completely in the first cycle, and it was carried on gradually.
The capacity was stabilized at ~250 mAh/gejectrode at the end of 10 cycles, which
was slightly higher than the value for SC5. In terms of rate capability, average
discharge capacities were measured to be 201 mAh/geectrode, 165 MAD/Zerectrode
and 132 mAh/geeciroqe at current rates of 200 mA /geathode, 500 MA /8euihode and
1000 mA /geathode, respectively. Thus, 52.8% of the capacity was offered with 10
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times higher current, which was comparatively higher than the value obtained
for SC5, which was 46.4%. In terms of cyclic stability, the measurement started
with 204 mAh/guinode at 200 MA /gain0de current rate, 96.3% of it was conserved
after 50 cycles with 99.8% average Coulombic efficiency. The measurements were
finalized with 213 mAh/g.uinode at 100 mA /g atnoqe- Although the HF treated
electrode performed better than SC5 in terms of discharge capacity, rate capabil-
ity, and cyclic stability, the results were very comparable to the results of SC1’.
Furthermore, the performance of SC5 was even worse than the performance of
SC1, even after HF treatment. Considering comparable discharge capacities ob-
tained in HF treated SC5 to SC1’, along with the ongoing activation, which was
observed in the first 10 cycles, it was inferred that proper stimulation of silicon
was not achieved. Since electric conductivity of SC1’ was poorer than SC1 as
previously discussed, and silicon nanoparticle addition was expected to reduce

the conductivity even further, it was decided to apply lower current rates to the

electrode.
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Figure 3.19: Galvanostatic charge/discharge curves of HF treated SC5 at 400
mA/gsilicon

When 400 mA /ggiiicon current rate was applied to HF treated SC5, first dis-
charge capacity was increased to 890 mAh/g.uinoqe With 48.7% charge - to -
discharge capacity ratio. Plateau at 100 mV, which corresponds to crystalline
silicon’s transition to amorphous silicon, was not observed after the first cycle,

which suggested that the activation of silicon was completed. On the other hand,
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discharge capacity was still far from the expected capacity values, after its stabi-
lization at ~280 mAh/g..hode- SO, it was concluded that the silicon nanoparticles,
which were synthesized via laser ablation, were not electrochemically reacted with

Li*™ properly. Further research should be conducted to reveal origin of the prob-

lem.

Figure 3.20: SEM images (after cycling) of a) SC1, b) SC2, and ¢) SC5

As it was shown in Figure and [3.20c, morphology of the fibers remain
unchanged after 100 cycles for SC1 and SC5. Thicknesses and surface roughnesses
of the fibers were similar to their pristine state, which indicates that no significant
damage was occured on the fibers. SEI layer of carbon is already well - known
for its stability. Furthermore, the fact that stability of morphology of SC5 was
preserved, and presence of silicon was observed via EDAX, proves the particles
were successfully embedded inside the carbon nanofibers, and direct interaction of
silicon with the electrolyte was favorably prevented. In Figure [3.20b, however, it
is clear that the commercial silicon nanoparticles were subjected to pulverization,
and the their morphology was severely damaged, compared to their pristine state
(see Figure[3.5p), which justified the drastic capacity loss upon cycling (see Figure
3.14]).

When impedance spectra of the materials were investigated, expectedly, SC1
was observed to have the lowest electrode resistance because its semicircle in the
nyquist plot had the lowest diameter. After silicon addition, there was a huge
increase in the resistance due to low electrical conductivity of silicon. Although a
slight change was observed between SC2 and SC5, it was not possible to make a

proper comment before fitting resistance parameters. Furthermore, although HF
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Figure 3.21: Nyquist plots of SC1 (black), SC2 (red), SC5 (blue), and HF treated
SC5 (green) before cycling

treatment etched away the native oxide layer, an increase in electrode resistance
was observed. Even though there was no detectable change in XPS and SEM
data of the HF treated SC5, the impedance data indicated that some defects

were introduced to the electrode.
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Chapter 4

Aluminum Based Anode

Materials for Li - ion Batteries

In this chapter, aluminum as an anode material for lithium - ion batteries is intro-
duced. Furthermore, effects of aging in aluminum - copper thin films deposited
by sputtering method are presented and discussed as well as their fabrication

method and characterizations.

4.1 Aluminum as an Anode Material for

Lithium - Ion Batteries

Aluminum is the most abundant metal in the earth’s crust, and is a well - stud-
ied element for its industrial uses. For years, it has been studied as an attractive
electrode material for energy storage and conversion. Characteristically, it has
a relatively small atomic weight of 26.98 g/mol, and it offers three valence elec-
trons. It was first studied as a cathode material against zinc (mercury) anode by
Hulot in 1850s, later on its alloys with various elements were proposed as anode
materials in various battery systems [84,85]. Moreover, Zaromb and Trevethan

et al. demonstrated the aluminum - oxygen systems in the early 1960s [86,,87].
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In the case of lithium - ion batteries, aluminum is an alloying based anode ma-
terial, which offers high capacity and energy density, and decent power density.
Thermodynamically, Al - Li binary phase diagram indicates that aluminum and
lithium can form three different intermetallic compounds such as AlLi, AlyLis
and AlyLig [88]. Keeping that in mind, if the Al Lig alloy is electrochemically
formed during the battery operation, aluminum could hold 2.25 lithium atom per
an atom, offering 2234 mAh/g gravimetric capacity [50]. Although the theoretical
expectations from aluminum anode in lithium - ion batteries are tempting, only
a few studies are reported in the literature. Unlike silicon, different nanomor-
phologies, other than thin films, are not thoroughly investigated for aluminum.
According to the reported results for the thin film, formation of amorphous LiAl
alloy occurs at ~0.3 V vs Li/Li* electrode; however, further lithiation of the
electrode could not be obtained electrochemically, which leads to utilization of
only 993 mAh/g of aluminum’s theoretical capacity [33}/50,89]. Furthermore, a
high overpotential (~0.2 V) was observed during charging. Coulombic efficiency
for the first cycle was found to be inversely proportional to the film thickness,
ranging from 44% at 0.1 pm to 58% at 1um [50]. The reason for low Coulom-
bic efficiency values is very similar to what is observed in silicon. Aluminum is
subjected to 96% volume change upon cycling, which triggers pulverization and

contact loss with current collector, similar to the silicon anode [33].

4.2 Age Hardening in Aluminum - Copper Al-
loys

Age hardening is an effective heat treatment method to increase strength of var-
ious alloys of aluminum, magnesium, titanium etc. Basically, the idea is to dis-
tribute fine secondary phase particles inside the alloy matrix to hinder the move-
ment of defects and dislocations. To achieve that, first step is the solutionizing,
in which the main phase of the alloy is saturated with impurity atoms up to its
saturation point at a specific high temperature. It is followed by quenching where

the alloy is rapidly cooled down to room temperature. Fast cooling rate impedes
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movement of the atoms, hence a supersaturated metastable matrix is formed.
If the mobility of the impurity atoms are sufficient, the atoms are segregated to
suitable surfaces to form stable second phase particles, and the process is referred
to as natural aging. In some cases the mobility of the impurity atoms are not
enough for segregation, hence artificial aging is required to be triggered. The
alloy is heated up to a temperature, which is lower than the equilibrium solvus
temperature, and left there for some time for the second phase particles to form.
If the heat is supplied for longer than required, hardness of the alloy starts to

fade, which is called over - aging.

One of the well studied age hardening systems is the binary aluminum - copper
system as it provides a long range of possibilities for age - hardenable alloys [90].
Aluminum matrix is able to dissolve more than 4% copper if the temperature is
elevated to ~540 °C. Various compositions of aluminum - copper age hardenable
alloys are commercially available. The system is mostly hired in aviation tech-
nology since the alloy offers high strength, low weight and is relatively cheaper.

The precipitation sequence during aging is generally modeled as follows [91]:

GPI — GPII(0") =60 — 0 (4.1)

Having sufficient mobility, copper atoms form single layers on {100} planes
of a aluminum. A widely accepted structural model describes GPII as two cop-
per {200} planes seperated by three aluminum planes, corresponding to Al3Cu
stoichiometry [92,93]. Metastable 6" phase is formed in the next step, having
a body - centered tetragonal crystal structure and corresponding to Al,Cu sto-
ichiometry. Although being unstable, it is the main strengthening phase in the
system [94,95]. The process is finalized with the formation of incoherent, stable
0 phase in a tetragonal C16 crystal structure and Al,Cu stoichiometry [90]. It
is reported that the coherent and metastable precipitates (i.e. GPI, GPII, and
0') are formed at aging temperatures below 200 °C while temperatures higher
than 250 °C lead to 6 phase formation in bulk age hardenable aluminum - copper

systems [96].
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4.3 Age Hardened Aluminum - Copper Thin
Film Alloy

The precipitation kinetics in thin films are significantly different than their bulk
counterparts. Prior to aging, high number of vacancies are present in a quenched
bulk alloy. During aging, these vacancies act as nucleation sites for precipitates.
In thin films, however, excess vacancies cannot be retained as they are easily
diffused to the free surface. As a result, equilibrium 6 phase is preferentially
nucleated on the film surfaces [97,(98]. Furthermore, the formation of GP zones
are retarded in thin film alloys [96]. The XRD spectra of Al - 4 wt% Cu film,
which is deposited by magnetron sputtering by Lin et al., show no peaks char-
acterizing the precipitates |98]. Moreover, Frear et al. claimed that formation of
the intermediate products are skipped and 6 phase is directly precipitated during
aging process in thin films [97]. Interestingly Mader et al. reported that they
observed GP zones, § and 6 particles via TEM in their single crystal Al - 3 wt%
Cu films, which are deposited by R. F. sputtering [96]. It was also mentioned by
Biswas and his colleagues that the observation of second phase particles were not
possible via conventional XRD experiments at the aging temperatures of 165 °C
and 190 °C , but synchrotron radiation experiments can provide additional peaks

in the spectrum [90].

In this study, our goal is to increase mechanical strength of aluminum electrode
by applying age hardening to aluminum - copper binary alloy system. Raised
strength of the electrode is supposed to prevent the pulverization and enhance its
cyclic stability. To do that, an aluminum - copper binary system which contains
4 wt% copper was determined to be studied. 4 wt% copper is very close to the
maximum solubility in a phase of aluminum in any temperature. We suggested
that the amount of impurity or second phase particles is proportional to the
electrode’s yield strength under correct aging conditions. The solutionizing and
aging parameters were taken from the literature [99], after the hardness values of

aluminum - 4 wt% copper alloy at different temperatures were investigated.
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4.4 Results & Discussion

Figure 4.1: SEM images of a) Uncoated SS, b) Aluminum coated on SS (as
coated), ¢) Aluminum - copper coated on SS (as coated), d) Aluminum - copper
coated on SS (after solutionizing and aging)

Thin film coatings of aluminum metal and aluminum - copper alloy were suc-
cessfully achieved via sputtering method, as shown in Figure and c¢. SEM
image of uncoated SS was also presented for comparison in Figure [f.Th. The for-
mation of small islands of aluminum, which were distributed on top of the thin
film, is intrinsic to sputtering technique. Expectedly, there was no morphological
difference between as coated aluminum and aluminum - copper samples as the
copper layer was sandwiched between two aluminum layers during sputtering.
In Figure [4.1d, however, morphology of the age hardened aluminum - copper
alloy was changed dramatically. It was concluded that during the solutionizing
procedure, the alloy had a tendency to agglomerate and form islands mostly in
micrometer scale. Nevertheless, mesopores were introduced to the microstruc-
ture during the quenching process due to rapid limitation to mobility of the alloy

atoms, see Figure [4.2]
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Figure 4.2: SEM image of aluminum - copper coated on SS (after solutionizing
and aging) with a higher magnification

To observe the structural changes, EDS elemental mapping was performed on
the age hardened alloy before and after the heat treatment procedures, see Fig-
ure [4.3| and Before the age hardening process, aluminum and copper was
homogenously distributed on the SS surface as expected. After the heat treat-
ment steps, however, islands of the alloy were clearly observed in [£.4, Although
the signal, which was collected from copper, was weak, it was clear that it was

primarily concentrated on the islands.
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Figure 4.3: EDS elemental mapping of aluminum - copper samples coated on SS
before heat treatment
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Figure 4.4: EDS elemental mapping of aluminum - copper samples coated on SS
after heat treatment
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EDS Quantitative Results
Element Wtk At%
NiL B.1e 4.72
AlE 60.11 75.66
Crk T7.04 4.80
FeK 24.89 15.02

Figure 4.5: EDS elemental ratios and EDS elemental mapping of aluminum thin
film sample as deposited on SS
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Figure 4.6: EDS elemental ratios and EDS elemental mapping of aluminum -
copper sample coated on SS after heat treatment
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EDS elemental ratios were given in Figure [£.5] and As the stainless steel
substrate contains chromium and nickel alloying elements, signals coming from
these elements were also observed. In order to prove that these elements did
not interfere with formation of the aluminum - copper islands, EDS elemental
mappings of chromium and nickel are shown along with the EDS results. The
mappings, which were presented in Figure [4.5] indicated that the substrate intrin-
sically accommodated these elements. In Figure 4.6} it was proven that both the
elements were distributed in the matrix, rather than the islands. Furthermore,
elemental weight ratio of copper to aluminum and copper corresponded to ~4.6
wt%, which proves that the aimed elemental ratio was obtained, considering the

tolerance level of EDS.

XRD patterns of various samples were presented in Figure [£.7. SS substrate
and aluminum thin film (as deposited) showed characteristic austenitic stainless
steel and aluminum lines, respectively. There was no visible change in the XRD
pattern of aluminum - copper thin film (as deposited) when it was compared to
the pattern of aluminum because very thin layer of copper was sandwiched be-
tween aluminum layers and crystallographic structure was represented dominantly
by them. The results, which were obtained from the age hardened aluminum -
copper, on the other hand, exhibited a significant deviation from aluminum’s
pattern. As it was mentioned in the introduction part, formation of second phase
particles is not observable with conventional XRD methods [904|98], so there was
no peak corresponding to compounds of aluminum and copper in the patterns.
Aluminum’s characteristic peaks at 44.7° and 46.9° were shifted towards the char-
acteristic peaks of the SS substrate, which were located at 43.6° and 44.5° in the
age hardened aluminum - copper sample. To fully understand the modification in
the crystallography of the age hardened aluminum - copper alloy, the mechanism

should be investigated further, which is beyond the scope of this study.

Regional XPS scans for Al 2p, Cu 2p and Fe 2p of the same samples were
performed and shown in Figure According to the results, the SS substrate
does not have aluminum and copper on its surface, intrinsically. Furthermore,
results obtained in the Al 2p scan indicated that the thin layer of alumina (A1**

observed at 74.6 eV) grew thicker at the surface after the heat treatment since
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Figure 4.7: XRD patterns of SS substrate (black), aluminum thin film as de-
posited (red), aluminum - copper thin film sample as deposited (blue), aluminum
- copper thin film sample after age hardening (green)

the peak corresponding to Al° peak at 72.6 eV disappeared. Seeing no copper
presence at the surface of as deposited aluminum - copper sample was a simple
outcome of sandwiching it between two thick aluminum layers. After the age
hardening steps, however, presence of copper at the surface was observed with
a small intensity peak at 933 eV, which shows a correlation with the results
obtained with EDS mapping on the same sample. The lack of high intensity
was expected since only a small amount of copper was distributed through the
aluminum matrix and there was a thick alumina layer on the surface. It was
also noted that there was no iron presence on the surface of the age hardened
sample. Hence, it was inferred that the iron atoms did not segregate through the
surface from the substrate during the heat treatment steps. In addition, although

aluminum - copper alloy was agglomerated on the surface to form islands, there
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Figure 4.8: Regional XPS scans for Al 2p, Cu 2p and Fe 2p of SS substrate (black),
aluminum thin film as deposited (red), aluminum - copper thin film sample as
deposited (blue), aluminum - copper thin film sample after age hardening (green)

was still a thin layer of the alloy on the surface of the matrix.
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To differentiate the effect of age hardening to electrochemical performance
from the effect of heat treatment itself, aluminum sample was put through the
same heat treatment steps without copper deposition. As shown in Figure 4.9
morphology of the aluminum became very similar to structure of the age hardened
alloy. Aluminum thin film also showed a tendency to agglomerate to form islands

on the matrix, see Figure
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Figure 4.9: SEM image of aluminum after the heat treatment
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Figure 4.10: EDS elemental ratios and EDS elemental mapping of aluminum after

the heat treatment
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Figure 4.11: Regional XPS scans for a) Al 2p, b) Cu 2p, ¢) Fe 2p, and d) XRD

spectra of aged hardened aluminum - copper (black) and aluminum after the heat
treatment (red)
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According to the regional XPS scans presented in Figures [{.1Th, b and c,
the surface was covered with alumina (due to A>T peak at 74.6 eV), however,
presence of copper was not observed as expected. Crystallographic structure of
the heat treated aluminum showed resemblance to the alloy (see Figure [L.11{),
which indicates that the formation mechanisms were also analogous. The peak at
43.6° seemed to lose intensity in the heat treated aluminum, whose origin should

be investigated further.
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Figure 4.12: Cyclic voltammograms of a) Aluminum, b) Age hardened aluminum
- copper alloy and c) The heat treated aluminum (1.cycle is black, 2.cycle is red
and 3.cycle is blue)

Cyclic voltammetry was performed to investigate the electrochemical activ-
ity of the samples, see Figure [£.12] Aluminum thin film had a cathodic onset

potential at ~0.2 V, which showed some correlation to the literature [50], and
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the reaction continued up to 0.01 V. The difference between the theoretical po-
tential (~0.3 V) and the measured potential (~0.2 V) could be originated from
overpotential, see Figure [4.12h. Aluminum’s intrinsic low Li* diffusivity forces
LiTions to spend more energy to intercalate. The oxidation peak observed at
0.58 V during the first cycle shifted towards higher potentials in the second and
the third cycles, which expressed not only the intrinsic overpotential existed, but
also it was increased over cycling. This was probably due to increasing electrode
resistance, resulting from loss of contact within the electrode and with the current
collector upon cycling. In Figure {.12p, cathodic peak, which was observed at
~0.5 V in the first cycle, was attributed to SEI formation. Although a similar
cathodic onset was observed at ~0.2 V in the first cycle of the alloy, the peak was
replaced by a continuous slope in the further cycles. Furthermore, shift in the
oxidation peak at ~0.5 V was less pronounced upon cycling in the alloy, which
signaled a better cyclic stability. Finally, although the voltammogram of the heat
treated aluminum showed resemblance to the alloy’s, peak intensities seemed to
be reduced and there was ~30 mV shift in the oxidation peak. Meanly, in ad-
dition to having a higher overpotential, the reaction took place less efficiently in

the heat treated aluminum.

Results obtained from galvanostatic measurements of the samples further
proved the findings of cyclic voltammograms. Aluminum offered a discharge ca-
pacity of 926 mAh/g, which was very close to its theoretical capacity, see Figure
. On the other hand, it delivered a charge capacity of 538 mAh/g, yielding
only 58.1% charge - to - discharge capacity ratio. The Coulombic efficiency was
increased in the upcoming cycles and noted as 93% at the end of first 10 cycles
at a discharge capacity of 227 mAh/g. It was noted that a discharge plateau
was located at 0.25 V while the corresponding charge plateau was observed at
0.45 V, which showed correlation with cyclic voltammogram of the aluminum.
Furthermore, roughly 200 mV of overpotential was recorded at 100 mA /g current

rate.

Capacity retention in the first 10 cycles at 100 mA /g was calculated to be
only 24.5%. In the following cyclic stability measurement, discharge capacity of

aluminum thin film decreased to 59 mAh/g at 16th cycle at 200 mA /g current
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Figure 4.13: Galvanostatic charge/discharge curves of aluminum thin film in a)
the first 10 cycles at 100 mA /g current rate (1.cycle is black, 10.cycle is red), b)
Cyclic stability measurement at 200 mA /g current rate and c¢) Rate capability
data at different current rates

rate and remained stable afterwards. The average Coulombic efficiency for the
aluminum sample was calculated to be 97.9% whereas its capacity retention in

50 cycles was only 26.6%.

After 50 cycles, current rate was reduced back to 100 mA /g for rate capability
measurements. In first few cycles, ~150 mAh/g discharge capacity was obtained
but then the capacity was rapidly diminished to ~50 mAh/g. At a high cur-
rent density of 1000 mA /g, the material could only deliver 24.5 mAh/g average
discharge capacity. Thus, the practical limit of usage for the aluminum was de-

termined to be 10 cycles at 100 mA /g and 16 cycles at 200 mA /g current rate.
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It was inferred from the results that the pulverization effect strongly dominates

cyclic performance of the aluminum sample.
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Figure 4.14: Galvanostatic charge/discharge curves of age hardened aluminum -
copper alloy in a) the first 10 cycles at 100 mA /g current rate (1.cycle is black,
10.cycle is red), b) Cyclic stability measurement at 200 mA /g current rate and
c) Rate capability data at different current rates

In age hardened aluminum - copper alloy, first discharge capacity was recorded
to be 987 mAh/g and it delivered 41.2% charge - to - discharge capacity ratio
with 407 mAh/g charge capacity, see Figure m Unlike the aluminum sam-
ple, the alloy presented a continuous slope rather than a plateau, which was in
correlation with CV findings. Low efficiency obtained in the first cycle was associ-
ated with SEI formation. The heat treatment steps, specifically solutionizing and
quenching, introduced mesopores to the structure and increased the electrode -

electrolyte interaction surface, as shown in Figure [£.2] Increased active surface
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area gave rise to SEI formation in the sample. Indeed, in the second cycle, a
discharge capacity of 516 mAh/g was achieved with a Coulombic efficiency of
79.3%. At the end of 10 cycles at 100 mA /g current rate, a reversible capacity
of 401 mAh/g was measured. Hence, 40.6% of the initial capacity was obtained

after 10 cycles, whereas in the aluminum sample was only 24.5%.

Cyclic stability measurement at 200 mA /g current rate offered even more
promise with first discharge capacity of 367 mAh/g and final discharge capacity
of 241 mAh/g, yielding 65.7% capacity retention. Compared to the 26.6% re-
tention obtained from the aluminum sample, the alloy offered more than twofold
cyclic stability. On the other hand, overall Coulombic efficiency in 50 cycles was
recorded to be 96.2%. It indicated that some of the capacity was still lost to side
reactions or electrode pulverization, but the situation was not as severe as it is

in the aluminum case.

When the current was set at 100 mA /g after the stability measurement, an
average discharge capacity of 305 mAh/g was achieved. With increasing cur-
rent rates of 200 mA /g, 500 mA /g and 1000 mA /g, the average capacities were
recorded to be 227 mAh/g, 155 mAh/g and 101 mAh/g, respectively. It was
observed that the alloy did not practically fail and run efficiently as an average
capacity of 266 mAh/g was obtained when the current was fixed back to 100
mA /g. Hence, 27.2% of the initial capacity was preserved after 110 cycles of op-
eration at various current rates. However, if the first cycle of the sample, where a
large SEI formation happened, was omitted, the overall retention was calculated
to be 65.9%, which was superior to the aluminum sample. It was noted that al-
though the age hardening steps, which were followed, increased the cyclic stability

dramatically, there is still room for improvement in terms of the stability.

Electrochemical characterization data of the heat treated aluminum were given
in Figure [4.15 Interestingly, the performance of this sample was even poorer
than the aluminum thin film. Potential profile of the sample resembled to the
aluminum - copper sample, and SEI formation was observable in the first cycle.
It proved that the continuous potential slope and SEI indeed formed because

of the heat treatment steps. First discharge capacity was measured to be 245
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Figure 4.15: Galvanostatic charge/discharge curves of the heat treated aluminum
in a) the first 10 cycles at 100 mA /g current rate (1.cycle is black, 10.cycle is red),
b) Cyclic stability measurement at 200 mA /g current rate and c) Rate capability
data at different current rates

mAh/g with 34.5% charge - to - discharge capacity ratio, and its capacity was
dropped to 67.5 mAh/g after 10 cycles. Although its capacity retention seemed
to be stable in the following 50 cycles, the electrode had practically no use. It
seemed that without copper as a second phase particle former, aluminum tended
to lose its electrochemical activity with these age hardening steps. This poor
performance could be originated because aluminum could be more vulnerable to
pulverization without the second phase particles. The exact reason should be

investigated further.

To further check the stability of the electrodes, SEM and XPS were performed
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Figure 4.16: SEM image after cycling of a) Aluminum thin film, b) Age hardened
aluminum - copper alloy and ¢) Age hardened aluminum - copper alloy at a higher
magnification

after cycling. As shown in Figure[d.16h, the aluminum sample experienced a harsh
pulverization where aluminum plates lost contact, some of them lifted off, which
resulted in loss of electrical contact of the active material to the current collector.
On the other hand, microstructure of the alloy showed no effect of pulverization,
and electrical contact of the islands remained intact with the current collector,
see Figure|4.16p. Furthermore, Figure gives a closer look to the mesopores.
Hence, it was inferred that the mesopores were structurally stable during the

battery operation.
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Figure 4.17: Regional XPS scans for a) Al 2p, b) Cu 2p, ¢) C 1s, and d) Li 1s of
age hardened aluminum - copper alloy before (black) and after (red) cycling

In Figure 4.17] regional XPS scans for the pristine and the cycled samples were
given. Al 2p scan indicated that there was no chemical change in alumina on the
surface of the electrode. In Figure [4.17pb, however, it seemed that there was no
signal coming from copper from the surface. This was probably because SEI
layer, which was formed on and covered the surface, hindered X-ray interaction
with copper. Furthermore, after cycling, a new peak appeared at ~290 eV (see
Figure ), which arose from carbon in O=C-O groups present in the SEI
layer. Furthermore, a lithium peak was formed at 55.3 eV after cycling (see
Figure ), which indicated LioCO3 formation. Hence, formation of SEI layer

and stability of the structure upon cycling were confirmed with XPS analysis.
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Chapter 5

Summary and Future Outlook

LIBs are currently the most widely used electrochemical energy storage system,
which rules over a big market. Since it is not possible to use lithium as an
anode material in LIBs due to safety reasons, new electrode materials with high
capacities and high energy densities are required to advance technology in highly
sophisticated areas such as electric vehicles. Thus, in this thesis study, we tried
to synthesize two different high capacity anode materials for LIBs. Problems,
which prevent commercial use of the materials, were addressed for each material,

and various strategies were employed to overcome the complications.

Although silicon offers very high capacity and energy density, it suffers from
miscellaneous type of problems. Its operating potential is below lithium plating
potential, which arises safety issues. Most importantly, pulverization prevents
formation of a stable SEI, and proper utilization of its high capacity after a few
cycles. Electrospinning is one of the effective ways to synthesize free standing,
carbon coated silicon electrodes. We tried to completely embed Si nanoparticles,
whose size was smaller than 20 nm. The particles were synthesized via laser
ablation method, then embedded inside carbon nanofibers, which were obtained
by carbonizing PAN fibers. For optimization, we employed different PAN ratios
in the precursor solution for electrospinning, and Si solutions with different con-

centrations. For comparison, we also electrospun all CNF, and commercial Si
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nanoparticles (50 nm) & CNF composite electrodes. For characterization of the
electrodes, we exploited various tools including XPS, Raman spectroscopy, TGA,
SEM, TEM, CV, galvanostatic measurements and impedance spectroscopy. Ac-
cording to the electrochemical characterizations, the electrode with commercial
nanoparticles offered a high first discharge capacity of 1618 mAh/g.tnoqe With
70.2% charge - to - discharge capacity ratio; however, the capacity retention was
as poor as 5.1%, yielding only 46 mAh/geanoqe discharge capacity after 50 cycles
at 200 mA /gcainode current rate. In the electrode, which was the best performing
one among the electrodes consisted of the synthesized Si nanoparticles, capacity
retention was as high as 97.2% with 99.7% average Coulombic efficiency in 50
cycles. On the other hand, the capacity values obtained (186 mAh/g.qtnode av-
erage in cyclic stability measurement) were lower than the capacities of pristine
CNF electrodes. Low capacities and lacking of characteristic transition plateau
of crystalline Si to amorphous Si brought suspicions upon electrochemical Si ac-
tivation. Hence, by etching native oxide layer via HF, 204 mAh/g.utnode average
discharge capacity with 96.3% capacity retention and 99.8% average Coulombic
efficiency was obtained. To further activate the Si, we applied a current rate
of 400 mA /gsiiicon Was applied to the sample. The first capacity was increased
up to 890 mAh/g.uinode With 48.7% charge - to - discharge capacity ratio, which
was still comparable to the performance of pristine CNFs. We concluded that
although cyclic stabilities of our electrodes were satisfactory, proper activation of

the Si nanoparticles was not achieved in our samples.

Aluminum offers a high capacity and energy density; however, it faces the
same complications as silicon. Interestingly, very few studies in the literature ad-
dresses some routes for its application in LIBs. Age hardening is an extensively
used strengthening mechanism for aluminum alloys, especially for aluminum -
copper binary system. By employing age hardening to our Al - 4 wt%Cu thin
film electrodes, which were sputtered on SS substrates, we aimed to suppress
volumetric changes in Al during battery operation. We also applied the same
heat treatment steps to pristine Al thin film electrode for comparison. For char-

acterization of the electrodes, we made use of different sophisticated tools such
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as grazing incidence XRD, XPS, SEM, CV and galvanostatic measurements. Ac-
cording to our observations, Al showed a tendency to form islands on SS after
quenching. Although Cu presence on the surface was confirmed with XPS, we
were not able to identify any phase of Al - Cu alloys as it was reported in the
literature that conventional XRD methods fail to identify those alloys in thin
film samples. After the heat treatment steps of age hardening procedure, both
Al and Al - Cu electrodes switched to continuous potential slope. Al thin sample
showed a high first discharge capacity of 926 mAh/g at 100 mA /g current rate,
along with 58.1% charge - to - discharge capacity ratio and high overpotential.
After 10 cycles at the same current, the capacity was reduced to 227 mAh/g. In
the following cyclic stability measurement at 200 mA /g, the capacity retention
was only 26.6% in 50 cycles, yielding 59 mAh /g discharge capacity. On the other
hand, when the same test parameters were applied to the the age hardened alloy,
it provided 987 mAh/g discharge capacity in the first cycle with 41.2% charge -
to - discharge capacity ratio. The lower efficiency was related to SEI formation
on the increased surface area. After 10 cycles, the electrode offered 401 mAh/g
discharge capacity. Furthermore, the cyclic stability measurement resulted in 241
mAh/g discharge capacity and 65.7% capacity retention, which were quite higher
than the performance of the Al thin film sample. Heat treated Al sample pro-
vided even worse electrochemical performance than pristine Al thin film sample.
Hence, we concluded that age hardening in Al - 4 wt% Cu system increases sta-
bility of Al anode in LIBs, and further studies could be performed to raise the

performance even more.
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Figure A.1: a) High Resolution TEM image of, b) EDX results of the silicon
nanoparticles synthesized via laser ablation
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Figure A.4: CV curve of HF treated SC5
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Figure A.5: Galvanostatic charge/discharge curves of a) First 10 cycles at 100
MA /geathode, D) Last 10 cycles at 100 mA /geathode, ¢) Cyclic stability measure-
ment at 20 mA/geainode between 40th and 90th cycles, and d) Rate capability
measurement between 10th and 40th cycles, of SC1’
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