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ABSTRACT

Conventional lithium-ion batteries with graphite anodes are approaching their capacity
limit. Silicon-based anode materials are expected to be incorporated into the next generation
lithium ion batteries because of the high theoretical capacity of Si. However, issues regarding the
huge volume expansion/contraction of Si upon lithiation/delithiation need to be alleviated.
Nanostructured Si-M (M = transition metal) alloy negative electrode materials have received lots
of attention since they show good cycling performance and suppressed volume expansion.
However, Si-M alloys still suffer from side reactions with electrolyte during cycling. SiOx (Silicon
oxide) is another focus for Li-ion anode research. SiOx has relatively low volume expansion, less
side reactions with electrolyte, and high capacity retention during cycling. However, the first
coulombic efficiency of SiOx is low because of the irreversible formation of lithium silicates. For
practical application of Si-based alloys, anode material design and optimization efforts are
required.

In this thesis, the synthesis, microstructure and electrochemical properties of ball milled
SigsFe1sOx and SiFexOy alloys are investigated. Specifically, Si and Fe alloys are ball milled in air
for different amounts of time to make Si-Fe-O alloys. The effects of oxygen and iron content on
structure and electrochemistry were studied. These alloys also have high thermal stability, which
makes them compatible with the chemical vapor deposition process, enabling the formation of
composite materials with further enhanced performance. It was demonstrated that the SiFeo.2000.39
alloys can be embedded into spherical natural graphite and CVD-coated to create high performance
composite anode particles. The resulting carbon-coated graphite composite particles can cycle well

even without the use of advanced binders or electrolyte additives.
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CHAPTER 1 INTRODUCTION

Lithium-ion batteries are important secondary batteries for today’s world. By 2025,
Li ion batteries are expected to reach a market share of 94.4 billion US dollars, growing
from 44.2 billion in 2020 [1]. Lithium batteries are extensively used for portable electronic
devices (such as laptops, cell phones and digital cameras) and are increasingly used in
electric tools, electric vehicles (EVs), and grid energy storage in recent years. Although
dominant demands in the current market for Li-ion batteries are from electronic devices, it
is predicted that EVs will overtake the rechargeable battery market in the near future. In
Canada, transportation has become the second largest source of carbon emissions which
can take up to 24% of the overall emissions [2]. Federal, provincial, territorial governments
and other stakeholders in Canada are working together to develop a zero-emission vehicle
(ZEV) strategy to accelerate the adoption of ZEVs and alternative fuel vehicles. Policies
such as cash rebates for purchases, millions of dollars of investment on charging stations,
tax credits for businesses buying electric cars and encouraging automakers to make sales
quotas have been made by the federal government. There are about 168,000 electric
vehicles on road now, however, Transport Canada aims to have 825,000 electric cars
registered in 2025, and 2.7 million in 2030 [3]. Much effort has been made to pursue better
lithium 1on batteries with a higher energy density and excellent performance to deal with

the fast-growing demands of lithium ion batteries for EVs.

Conventional Li—ion batteries have graphite as the anode material. Graphite has a

theoretical capacity of 372 mAh/g (719 Ah/L). Si-based anode materials are promising
1



candidates for the next generation of Li-ion batteries because of their higher theoretical
capacity (3579 mAh/g and 2194 Ah/L) and high earth abundance. However, Si-based
alloys suffer from huge volume changes during the lithiation/delithiation process, which
can result in capacity fade. This thesis is focused on understanding and improving Si-based
anode materials for Li-ion batteries. Recent advances in lithium-ion batteries with a
particular focus on anode materials will be discussed. A main goal of this thesis is to
prepare nanostructured Si-based alloys with suppressed volume expansion, good thermal
stability, and good cycling performance. It is hoped that such materials could enable the
practical use of Si-based anode materials in Li-ion cells. The preparation, characterization,
and use of Si-Fe-O negative electrodes in Li-ion batteries will be described. As an outline
of this thesis, Chapter 1 gives a brief introduction to lithium-ion batteries, mainly focusing
on negative electrode materials. Chapter 2 outlines the experimental techniques used in this
work, including material preparation and characterization. Chapter 3 describes the
electrochemical performance and thermal stability of the ball-milled SigsFe15Ox alloys in
detail. Chapter 4 focuses on the electrochemical performance of SiFexOy alloys with
different iron content. Following studies on the optimized composition of SigsFe;50x were
discussed on Chapter 5 while Chapter 6 discloses the preparation of mechanofusion-
derived Si-Fe-O alloy/graphite composite electrode material, it shows that advanced binder
and electrolyte additive is not required for the composite materials. Chapter 7 summarizes

the thesis and provides suggestions for the future work.



1.1 Lithium-Ion Batteries

Lithium-ion batteries have several advantages over other battery types, such as high
energy density (~700 Wh/L), long cycle life (>1000 cycles), rapid charge capability, low
self-discharge rate and high coulombic efficiency [4—7]. They are commonly comprised of
a cathode and an anode separated by an electrolyte containing separator, as shown in Figure
1.1. Lithium transition metal oxides, such as LiCoO», LiNixMnyCo0,0, (NMC), and
LiNig8Co0.15Al0.0502 (NCA), are typical cathode materials, while graphite is the most
common anode material [8—10]. A porous membrane separator is typically used to separate
the positive and negative electrodes. The use of a separator prevents electric short circuits,
minimizes the electrolyte usage, and increases the structural integrity of the batteries. Non-
aqueous liquid electrolytes are commonly used in lithium-ion cells [11]. These are
solutions of a lithium salt in organic solvents. Lithium hexafluorophosphate (LiPFg) is
commonly used as the lithium salt and the organic electrolyte solvents normally consist of
ethylene carbonate (EC) and a linear carbonate, such as diethyl carbonate (DEC) or
dimethyl carbonate (DMC). The electrolyte works as a medium to transport lithium ions

back and forth between the positive electrode and the negative electrode.

In Figure 1.1 graphite and LiMO; are active materials. LiMO; represents a metal
oxide positive material, where M is typically Co or combinations of Co, Ni, and Mn. In
these active materials, lithtum 1ions can be reversibly incorporated in an
intercalation/deintercalation process. When a Li-ion battery is charged, the active positive
electrode is oxidized, Li-ions are removed from the cathode, and together with electrons,

flow into the anode through different routes. The active anode material gets reduced due to



the flow of electrons. In this process, Li ions are extracted from LiMO; and insert into
graphite. Upon discharge, Li-ions travel from a higher energy state in the graphite anode
to a lower energy state in the cathode through the electrolyte, while transition metal ions
in the cathode are reduced. The electrons released from the anode transfer through the
external circuit to the cathode to balance the charge. The resulting current flow in the
external circuit can be used to supply power. In the intercalation/deintercalation process,
no significant structural change occurs in the LiMO> or graphite hosts because graphite
negative electrode materials have a layered structure and LiMO: positive electrode
materials have either a tunneled or a layered structure that can incorporate lithium ions

without significant structural distortion.
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Figure 1.1 Schematic of electrochemical process in a lithium-ion cell, with a LiMO, (metal oxide
material) positive electrode and a graphite negative electrode. Red, blue, green, and brown spheres
represent oxygen, transitional metal, lithium, and carbon atoms, respectively.



These spontaneous reactions are driven by a chemical potential difference between
the negative and positive electrodes. The resulting working potential, V, can be expressed
as:

_ (.ucathode - /’Lanode)
ne

V =

where e is the charge of an electron, z is the number of electrons taking part in the reaction,
and eathode and Panode are the chemical potentials of the positive and the negative electrodes

with respect to lithium, respectively, in electron volts (eV).

Developments in lithium-ion batteries have been focused on improvements in
performance (cycle life, rate capability, coulombic efficiency (CE), safety properties, etc.)
and increased energy density, mainly via improvements in electrodes and electrolytes.
Properties, such as high capacity, a stable structure where lithium could reversibly
insert/exit, low production cost, high electronic conductivity, high lithium ion diffusivity,
and compatibility with other components, are desired when developing new electrode

materials.

1.2 Cathode Materials
LiCo0O; was the cathode material in the first successful commercial LIB launched

by Sony in 1991 [12]. Up to today, LiCoO: is still used in many portable devices due to its
high capacity and stability. However, the high cost of cobalt encourages the search of
alternative materials. For example, LiFePOys is a very low-cost material with excellent
cycling performance, however, its low specific capacity limits its application to ground
transport such as bus transportation. Cathode materials for LIBs, especially for EV
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applications, require high specific and volumetric capacities, high potentials versus Li/Li",
high safety property, high tap density (the ratio of powder mass to the volume occupied by
the powder after the vessel containing the powder has been repeatedly tapped according to
ASTM B527-20), fast kinetics and good capacity retention [ 13]. LiMO»-type layered oxide
cathodes, where M represents transition metals (M) such as nickel, cobalt and manganese
(NMC) or nickel, cobalt and aluminum (NCA), are currently most widely used as positive
active materials for automotive batteries [13]. Ni-rich layered oxides and Li-rich layered
oxides have received lots of attention as potential next-generation cathodes for LIBs due
to their low cost and higher discharge capacities compared to LiCoO». However, there are
some challenges for Ni-rich layered oxides as cathode materials for LIBs, such as difficulty
in making a well-ordered material with all Ni** ions, poor cyclability, moisture sensitivity,
safety properties, and side reactions with electrolyte [10].

1.3 Anode Materials

Lithium metal was used as an anode material in the 1980s because of its high
capacity. However, safety issues have essentially limited the use of lithium metal as a
rechargeable battery electrode. In addition, changes in the morphology of lithium during
cycling increases its surface area, leading to poor columbic efficiency [8]. On the other
hand, graphite offers stable surface morphology, high volumetric capacity, low average
potential, low potential hysteresis, good rate capability, low volume expansion, good cycle
life, high coulombic efficiency, good electronic conductivity, high abundance, and
affordable cost. These properties make it an almost unbeatable anode material [12]. For

these reasons, graphite still plays a major role in today's lithium-ion battery industry.



Although graphite has so many advantages, materials with higher volumetric
capacity exist that could theoretically increase cell energy density beyond what is possible
with conventional Li-ion batteries using graphite anodes. For this reason, metals and alloys
have been studied as anode materials since the 1970s [14]. Figure 1.2 shows the specific
and volumetric capacities of various Li-metal alloys compared to graphite. This figure
illustrates why alloy-based negative electrode materials are promising and lists some good
candidate elements to be studied. Concerning the specific capacity, Si is far ahead of other
metals and abundant in the Earth's crust, giving it a significant advantage over others.
However, the difference amongst the elements is less with respect to volumetric capacity.
Ge is slightly higher in volumetric capacity than Si, however, the high cost of Ge metal
(1000 USD/kg) has prohibited its applications in most cases [15]. Si is the next highest,
with a volumetric capacity around 2194 Ah/L, Sn and Sb are not far behind the volumetric
capacity of Si. Table 1.1 compares the cost of some of the interested elements and the
corresponding capacity normalized cost. It is clear that Si is by far the cheapest material
per unit capacity, making Si to be the main element to focus on. Besides the desired high-
capacity and low-cost earth abundance, potential window and low toxicity are also of great

importance when selecting the right elements to study [16].
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Figure 1.2 Specific and volumetric capacities of Li alloys compared to LiCs. The volumetric
capacities were calculated based on the fully lithiated volume. Reproduced with permission from
Reference [8], Copyright 2011 McGraw-Hill.

Table 1.1 Candidate elements for high-capacity Li-ion battery anode material applications. The
commodity cost of metals in USD/kg, specific capacity of each element in mAh/g and capacity
normalized cost in USD/kAh are listed.

Element Price Capacity Capacity normalized cost
USD/kg mAh/g USD/kAh

Ge 1000 [15] 1384 722

Graphite 9-20 [17] 372 13-54

Sn 17.2 [18] 960 18

Si 2.7[19] 3579 0.75

It is worth noting that because all alloys undergo large volume expansion (up to

280%) during lithiation, it is essential to consider the trade-off between the benefit of

having increased energy density vs. alloy volume expansion in a full cell. Figure 1.3 shows



the energy density at 100% volume expansion for selected elements calculated in a full
cell. The energy density for each element in this figure is about the same at the given
volume expansion [20]. The maximum improvement in the energy density of full cells with
alloy anodes compared to graphite is about 20% [12]. This energy increase is deemed a
significant enough incentive to encourage researchers to solve the problems associated with

alloy volume expansion.
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Figure 1.3 The volumetric energy density (vs a 3.75 V cathode) of Li alloys at a 100% volume
expansion. *Carbon expands by 10% during lithiation, it is included for comparison. Reproduced
with permission from Reference [20], Copyright 2007 The Electrochemical Society.

1.4 Si-based Anode Materials

Si, with high theoretical capacity and high earth abundance, has received lots of
attention for application in Li ion batteries. This section will introduce electrochemistry of

Si and methods that are used to optimize Si-based anode materials.



1.4.1 Electrochemical Properties of Pure Si

Unlike the intercalation/deintercalation process between graphite and Li, the
reaction between Li and Si follows an alloying mechanism, Li forms alloys with Si,
involving bond breaking between host atoms and drastic structural changes [21]. This
results in large volume expansion/contraction during lithiation/delithiation. As a result,
large amounts of capacity fade can occur in just a few cycles. The electrochemistry of bulk
Si has been studied by Obrovac et al. [22,23]. In 2004, Obrovac and Christensen performed
a detailed ex situ X-ray diffraction (XRD) study on the electrochemical reaction of lithium
with silicon [23]. They confirmed the transition from crystalline Si to an amorphous
structure upon lithiation and discovered the formation of crystalline Li;5Sis below 50 mV.
This was an important finding because LiisSi4 is a metastable phase that is not present in
the Li-Si phase diagram and only appears during electrochemical cycling. In a later study,
Li and Dahn performed an in-situ XRD study on crystalline Si negative electrodes to study
the electrochemical alloying mechanism of crystalline and amorphous Si with lithium and
provided a detailed phase diagram during lithiation and delithiation [24]. Li et al. utilized
19Sn Mossbauer spectroscopy to further understand the electrochemical reaction between
a-Si and L1 using Sn as probe atom [25]. It was found that the two sloping plateaus in the
discharge profile correspond to two arrangements of Li atoms in the host structure. The
higher potential plateau is a result of Li-ions being inserted into environments where each
Li has Si neighbours primarily. While at lower potentials, the Li atoms have Li neighbours
primarily, meaning that their insertion potential will be closer to that of Li-plating

(occurring at 0 V vs. Li).
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The current understandings of Li-Si electrochemistry are summarized in the Si
potential profile in Figure 1.4. As crystalline silicon is lithiated, it turns into amorphous
Li,Si (a-LixSi, I in Figure 1.4) in a two-phase region with a potential of about 70 mV, if
the potential proceeds below 50 mV, the a-LixSi will crystallize to form Li15Sis (IT in Figure
1.4). During the first delithiation, Lii5Sis is delithiated to form amorphous LixSi, a plateau
at about 0.43 V is observed because of this two-phase region. At higher potentials, the
amorphous LixSi is completely delithiated to form a-Si. In the following discharge, if the
cut-off potential is above 50 mV, silicon will remain amorphous, and a single phase region
is observed (IV in Figure 1.4), the reversible process is observed as V in Figure 1.4,
showing the delithiation process of amorphous lithiated silicon [23][24]. VII and VII in
Figure 1.4 are the two sloping plateaus during the lithiation of amorphous Si, as carefully
studied by Mdssbauer spectroscopy in Reference [25], the first sloping plateau at higher
potential represents the Li-Si neighbours filling while the second corresponds to Li-Li
neighbours filling. Again, if the lithiation potential goes below 50 mV, crystalline LiisSi4

forms and a plateau will appear during the next delithiation potential profile.
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Figure 1.4 Potential profile of a crystalline silicon electrode cycled in a way to illustrate the
electrochemical conversion of crystalline silicon to amorphous silicon, amorphous silicon to
crystalline Li;sSis, and LiisSis back to amorphous silicon. Reproduced with permission from
Reference [22]. Copyright 2013 The Electrochemical Society.

The significant volume expansion (fully lithiated Si expands by 280%) of alloy
negative electrodes upon lithiation makes it difficult to implement them in commercial
cells. Active alloys undergo mechanical stress during lithiation with huge and repeated
volume changes during subsequent cycling. As a result, alloy particles can become
pulverized with repeated cycling, leading to cell fade [22]. Reference [26] proposes three
possible mechanisms to explain the cell failure initiating from volume expansion, including
pulverization, delamination and an unstable solid electrolyte interface (SEI) layer. A
schematic diagram of the cell failure mechanism is shown in Figure 1.5. Large stress
generated from the huge volume change during lithiation/delithiation could cause
pulverization, which results in loss of electrical contact and eventual capacity fade. This
fade mechanism is mainly observed in early studies of bulk Si or Si films [27][28]. In

12



addition, loss of contact can happen between the active materials and current collector upon
cycling, which means the entire electrode integrity can suffer from volume changes during
cycling. Besides the mechanical failure of cells, the irreversible consumption of Li ions is
a major cause of fade. During cell operation, an SEI layer is formed on the electrode
surfaces. This passivating SEI layer mainly consists of Li»CO3, various lithium alkyl
carbonates (ROCO,Li), LiF, Li2O, and nonconductive polymers [29][30]. The SEI
conducts ions and insulates electrons, therefore protecting active materials from further
side chemical reactions [29]. However, for a Si-based anode, its large volume changes may
affect the stability of the SEI. The SEI is likely to be disturbed by the volume changes of
the active material, and fresh alloy surfaces will be exposed to the electrolyte during
cycling. This may lead to continuous consumption of the electrolyte and the formation of
a thick heterogeneous SEI layer with high resistance. The properties of the SEI layer
directly determines an electrode's coulombic efficiency and electrochemical impedance. A

stable and dense SEI layer is a vital factor for better cycle life of silicon anodes.

In addition, a two-phase region might be observed in some cases during alloy
lithiation/delithiation. This will cause a potential plateau. Phase boundaries encountered
during two-phase regions can result in additional particle damage due to inhomogeneous
volume changes, while lithiation in a single-phase region results in more homogeneous
volume change [12][21][24][31][32]. In the case of Si, the formation of crystalline Lii5Sis
will result in a two-phase region during delithiation. Since fade and two-phase regions are
often coincident, it is thought that two-phase regions should be avoided during cycling

[12].
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Figure 1.5 Cell failure mechanism of silicon. Reproduced with permission from Reference [26],
Copyright 2016 Springer Nature.

1.4.2 Si-containing Anodes

In view of the above issues of pure Si electrodes, it has been demonstrated that such
drawbacks could be partly overcome through electrode material design, including (1)
nanostructure designing; (2) making active/inactive phase Si-M(metal) alloys; (3) SiOx

materials; (4) making Si-C alloys and composites.

1.4.2.1 Nanostructure Designing

Unlike bulk silicon, nano-Si can reduce fracture and improve cycling by decreasing
the mechanical stress generated during lithiation and delithiation [22][33]. Several nano-
Si materials, including 1D Si nanowires [34] and 2D Si nanosheets and nanowalls [35,36]

have been studied. It has been demonstrated that there is a strong dependence between the
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size of nano-Si and its pulverization (a threshold size of 150 nm) [37]. The movement of
the two-phase boundary between the inner core of pristine Si and the outer shell of a-LixSi
during lithiation causes the propagation of cracking in large-sized Si nanoparticles [37].
Although the cracking issue can be partially alleviated by using nano-Si below the
threshold size, current bare Si anodes still suffer from capacity fade due to the high internal
stresses associated with the formation of crystalline LiisSis phase upon full lithiation
[38,39]. In addition, nanometer-sized Si negative electrode materials suffer from the high
specific surface area and thus cause large irreversible capacity and related safety issues.
The high surface area of nanosized Si materials increases the possibility of chemical
reactions with electrolytes. For example, after the decomposition of a commonly used
electrolyte LiPFg, the resulting HF can react with Si, making the active Si network become

electrochemically inactive, which is undesired in a good anode material [40][41].

1.4.2.2 Making Active/inactive Phase Si-M(metal) Alloys

Active-inactive alloys represent another method to deal with volume expansion, the
inactive phases can act as a matrix to hold the active phase upon the lithiation/delithiation
process [33]. Si-based alloys are designed to be made of active Si surrounded by inactive
phases. This design strategy can not only buffer the volume expansion but also give high
volumetric energy density and show lower average potential than that of pure Si for a given
volume expansion [20]. It was also demonstrated that confining nano-sized silicon in an
alloy matrix can suppress particle pulverization and reduces the surface area of Si exposed
to the electrolyte [42]. Si active/inactive alloys can offer high specific capacity, high

reversible capacity, good capacity retention and good Lii5sSis suppression, and therefore
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are good candidates for commercial applications of Si-based electrode materials. For
example, 3M V6 alloy (as shown in Figure 1.6) is a formerly commercially viable Si
active/inactive alloy that has been shown to have good cycling performance. In addition,
composite electrodes that are made of 3M V6 alloy particles and graphite are shown to
have improved cycling performance even at a high loading of 4.5 mg/cm?. The graphite-
blended electrodes show superior electrochemical properties compared to neat V6

electrodes [43].

Some other nanostructured Si-M alloys, such as Si-V [44], Si-Cr, Si-Mn [45], Si-
Fe [46], Si-Co [47], Si-Ni [48], Si-Ti [49] have been extensively studied as negative
electrode material in LIB. According to studies on Si-Ni thin films by Du et al., Ni was
found to depress the lithiation potential, resulting in a reduction in capacity. This potential
depression was attributed to internal stress in the thin film during lithiation from the
presence of Ni [50]. In the study of the Si-Ti system, inactive TiSi> phase was found to
effectively suppress the formation of LiisSis during cycling with no noticeable change in
the average potential (in contrast to Si-Ni alloys), resulting in relatively low polarization
cycling. It is claimed that the Li15Si4 phase suppression was coincident with good cycling
performance and good electrode structure maintenance upon lithiation/delithiation [49]. Si-
Fe alloy is one of the most studied Si-M alloy materials as anode materials [45,46,51-57].
Fe has some favourable properties such as high abundance, low-cost, environmental
compatibility, and high electronic conductivity [54]. In addition, iron and iron silicides are
electrochemically inactive towards Li, but with high electronic conductivity, thus, they can

serve as conductive Li-inert matrices to buffer the volume changes of Si-based electrodes
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during cycling [46,51,54]. A capacity of 1010 mAh/g and a capacity retention of 94% after
200 cycles were achieved for ball milled FeSi»/Si@C alloy, however, A capacity of 1010
mAh/g and a capacity retention of 94% after 200 cycles were achieved for ball milled

FeSi2/Si@C alloy, however, the volumetric capacity of this material was not reported [53].

I active
M inactive

Figure 1.6 FESEM image at 10 kX magnification of an ion polished cross section of a 3M V6 Si
alloy particle showing compositional uniformity. Surrounding darker regions are graphite.
Reproduced with permission from Reference [42][58], Copyright 2014 The Electrochemical
Society.

1.4.2.3 SiOx Materials

Nanostructured materials, such as SiOx, which comprises micron-size particles
made up of nanometer-size grains of electrochemically active Si and inactive matrix (SiO2),
have been found to be very useful anode materials [59]. SiOx has relatively low volume
expansion, less side reactions with electrolyte than nanosized Si, and high capacity
retention during cycling. Moreover, the phases formed during the first lithiation, such as
Li oxide (Li20) and Li silicates (Li4Si04) also work as a buffer matrix for Si expansion in
the following lithiation/delithiation. Drawbacks of SiOx include its high cost and its high
irreversible capacity loss which is due to the irreversible formation of lithium silicates

during its initial lithiation [60]. Amorphous SiO is commonly manufactured from the vapor
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deposition of silicon and silicon dioxide (Si(s) + Si02(s) = 2SiO(g)) in vacuum at high

temperatures [59,61,62]. Solid SiO is thermodynamically unstable at all temperatures, it

will disproportionate into Si and SiO; during heat treatments.

Disproportionated SiO (d-SiO) are nano-crystallite Si embedded in amorphous
silicon oxide matrix [63]. In the disproportionated SiOx, increased Si’ and Si** valence
states were identified and Si'*, Si**, and Si’" states decreased, resulting in different
electrochemical performance than that of amorphous SiOx. The potential profile of the first
lithiation of disproportionated SiOx is similar to Si anodes due to the formation of
nanocrystalline Si in the reaction [64]. Park et al. found that superior cycling and
reversibility were achieved in disproportionated SiOx at 1000 °C compared to pristine SiOx
and d-SiOx (800 °C). They explained as the formation of well-distributed Si
nanocrystallites of 5 nm and amorphous SiOx matrix [61]. However further increase of heat
treatment temperature to 1200 °C caused poor performance which possibly due to the
increased formation of Si**-based amorphous suboxide which were inert toward Li
electrochemically. The disproportionated SiOx at 1200 °C showed almost no capacity
because Si nano-crystallites and amorphous SiO2 were surround by inactive Si suboxides
and could not react with Li [62]. However, it was found that after ball milling,
disproportionated SiOx particles broke into smaller sizes and Si nano-crystallites and
amorphous SiO> were exposed, giving rise to excellent electrochemical performance [62].
The oxygen content in SiOx also plays an important role in their electrochemical
performance [60][65]. It was suggested that an increase in oxygen content of SiOx (0.4 <x

< 1.3) can decrease electrolyte reduction but oxides are subject to degradation by acid-
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etching [65]. Increased x also causes low initial coulombic efficiency (ICE), due to the
formation of LiO and Li4SiOs. Cycling performance, however, is improved with the
increase of the x wvalues, indicating that stress and volume change during
lithiation/delithiation were accommodated by the oxide buffer around Si. Therefore, the
optimized electrochemical performance of SiOx needs to be carefully considered either by
synthesis process or the control of oxygen content. Cao et al. have reported a reactive gas
milling method to prepare SiOx with tunable oxygen content [66]. The amorphous SiOo.37
anode showed a very comparable cycling performance compared to a commercial SiO, but
with a higher volumetric capacity (1800 Ah L™! vs. 1400 Ah L™!) and ICE (70% vs. 55%)

as well as better rate capability (1648 mAh g~! vs. 600 mAh g ! at 2 C) [66].

To take advantage of the high capacity and excellent performance of SiOx materials,
a very common method is to add small amounts of SiOx to graphite, for example, a
reversible specific capacity of 397 mAh/g with 76 % capacity retention after 200 cycles in
a full-cell system was reported when blending 3 wt% of SiO1.0s with graphite [67]. The
blending of small amounts of SiOx content was thought to be a short-term solution for the
quick adoption of SiOx materials to minimize modifications of other cell components (such
as electrolyte and binder). BTR China has released a commercial SiOx/graphite composite
product with capacity of 600-650 mAh/g [68]. It is also suggested that SiOx are already
being used in batteries for Tesla electric vehicles [69]. However, it should be noted that
higher SiOx contents lead to a large increase of irreversible capacity losses in Li-restricted
full-cell systems [43,70]. Lots of studies from all aspects are still required in order to fulfill

the implement of SiOy electrodes either by itself or in graphite composites [71].
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1.4.2.4 Si-C Composites

Si-C materials are an important type of Si-containing anode material that have been
widely studied. Carbon can dilute volume expansion, contribute to cell capacity, and
increase electronic conductivity. Mechanical mixing, ball milling and pyrolysis are some
common methods to prepare Si-C materials, where silicon particles are distributed in the
carbon matrix. Carbon coated Si particles have been intensively studied as an important
type of Si-C composites. Considerable efforts had been made on different sources and
approaches for carbon coating. Carbon precursors such as pitch [72], citric acid [73],
polyvinylidene fluoride [74] and glucose [75]were investigated for pyrolysis process.
Chemical vapor deposition (CVD) has been demonstrated as a promising approach to
improve the electrochemical performance of Si-based electrodes [75-84]. Yu et al. reported
a CVD carbon coated (about 12 nm thick ) Si material can deliver a specific capacity of
about 1600 mAh/g at 0.3 A /g for 70 cycles, with a good rate performance at 5 A/ g(a 750
mAh /g capacity was retained), compared to 240 mAh/g for pristine Si [76]. They also
found that different thickness of carbon layer will results in different performance in the
specific capacity, cycle stability, and rate capability [76]. A thick carbon layer was initially
preferred to withstand the interface tension. However, a dense and thick carbon layer will
add additional weight to the electrode, dilute the overall specific capacity, and slow down
the movement of Li ions from electrolyte to silicon, causing poor rate capability [80].
Therefore, a suitable thickness of the carbon layer should be carefully engineered to
achieve good balance between capacity and particle design. The desirable carbon coatings
should not only homogeneously coat the silicon particles with reduced side reaction, allow

fast transport of Li ions, improve the stability of SEI layer, but also deal with the internal
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stress induced by the volume changes during lithiation and delithiation process to improve

the structural integrity of the electrode.

Some novel nanomaterial design strategies of Si-C materials have been
demonstrated, such as making Si—C yolk—shell and pomegranate structures [85-87] or
graphene-encapsulated Si particles [88,89] with an impressive cycle life. For example, Liu
et al. proposed a Si@C yolk-shell structure by employing the SiO> sacrificial layer for void
spaces and using polydopamine as a carbon precursor. As a result, silicon nanoparticles

were sealed by the 5—10 nm thick carbon shells with void space inside (=40 - 50 nm). The

void space allowed the silicon cores to expand without disturbing the outer carbon shell,
therefore maintaining the high specific capacity of 2800 mA h g—1 at a rate of C/10, long
cycle life with 74% capacity retention over 1000 cycles, and coulombic efficiency of
99.84% [87] Such novel nanomaterial structure designs seem very promising in terms of
improving cycling performance. However, their large-scale production cost tends to be
high because of the need to use HF, expensive catalysts and templates, and relatively low
yields. In addition, reduced volumetric energy density from such hollow structures should
also be considered for their commercial applications. Ko et al. have proposed an
architecture using silicon-nanolayer-embedded graphite/carbon (as shown in Figure 1.7)
[84]. Both the silicon nanolayer and the surface carbon coating were produced via CVD,
which was likely scalable as claimed by the authors. The void space inside the particle can
accommodate Si volume expansion during lithiation. The carbon coating on the surface
can dilute the volume expansion of the electrode, but also reduces side reactions of Si with

electrolyte, and increase conductivity and mechanical stability. This anode material shows
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a high first cycle CE of 92% with a capacity retention of 96% after 100 cycles. A full cell
with this material vs. a LiCoO» cathode demonstrated a high energy density of 1043Wh/L

[84].

The idea of Si/graphite or Si-alloy/graphite composite materials is to form a
nanocomposite that is made of electrochemically active species surrounded by graphite
phases. The nanostructure of such negative electrode material is considered to comprise
nanometer-size active grains dispersed in a graphite matrix. Jo et al. produced a Si/graphite
composite by ball milling natural flake graphite and Si particles. The resulting material has
reversible specific capacities of 568 mAh/g with a first cycle CE of 86% [70]. However,
this Si-graphite composite only has a capacity retention of 73% after 30 cycles due to the
incompatibility between the irregular particle sizes of Si and graphite. Cao et al. [90]
prepared Si-alloy/graphite composite electrode materials via mechanofusion (as shown in
Figure 1.8). The resulting microstructure was described as Si-alloy particles well dispersed
between graphite layers. This material demonstrated a reversible capacity of 950 mAh/g
with almost no obvious capacity fade up to 50 cycles. The authors proposed that the
graphite matrix acts a buffer for Si-alloy expansion and may protect the surface of the alloy

from reacting with the electrolyte, resulting the superior cyclability and rate capability [90].
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Figure 1.7 Cross-sectional schematic view showing the detailed structural characteristics of an SGC
hybrid particle. Reproduced with permission from Reference [84], Copyright 2016 Springer
Nature.

Du et al. demonstrated that blending graphite with Si alloy in electrode coatings
allows calendering processing without particle fracture of the Si alloy. Such calendered
electrodes achieve increased energy density in full cells as compared to cells with graphite
[43]. Commercial coatings are often calendered under high pressures to achieve
appropriate porosity (10—40%), with improved electrode density, cycling stability, coating
adhesion, and electrical conductivity [12]. Therefore, it would be very promising if
electrodes comprising Si/graphite or Si-alloy /graphite composite could be calendered with
no particle fracture without the need to incorporate additional graphite in the coating
formulation.  Silicon-based/C  composites, such as SiOy/carbon/graphite and
Si/carbon/graphite, are the most practical high energy density anode materials, because
these materials show the balanced advantages of graphite and silicon or silicon oxide.
However, commercial silicon-based materials such as SiOx/C/Graphite and Si/C/Graphite
have many inevitable parasitic reactions with electrolytes and exhibit large volume

expansion towards graphite. In addition, the selection of binders and electrolyte additives
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for such Si/graphite composites should be carefully considered. For example, the high or
low content of Si may favour different binder chemistry or follow different interphase
chemistry when interacting with electrolytes. A homogeneous distribution of active
particles with graphite and an optimized ratio between active and graphite materials still
need to be explored to achieve a higher first cycle CE, less side reactions with electrolyte,

suppressed volume expansion, and good post-calendering properties [84].
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Figure 1.8 Schematic illustration of planetary milled and mechanofusion dry processed Si-
alloy/graphite composites. Reproduced with permission from Reference [90], Copyright 2019 The
Royal Society of Chemistry.
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1.5 Other Key Components of Si-based Anodes
Besides engineering better anode materials, other non-electrode components in

lithium ion batteries, such as binders, electrolyte and electrolyte additives are also of
great importance.
1.5.1 Binders

Binders are materials such as polymers to bind active materials and current
collector together to maintain mechanical and electronic integrity of electrodes [91]. Good
binders should have good adhesion to active material and current collector; able to coat the
surface of active particles to prevent excessive SEI formation while maintaining fast Li ion
conduction; withstand dimensional changes by stretching or self-healing; and maintain
good electrical conduction [12]. In Si-based anodes, binders with high mechanical strength
are required to accommodate the large volume changes during lithiation/delithiation, while
maintaining the integrity of the electrode. Some polymeric binders used for Si-alloy
anodes, such as polyacrylic acid (PAA) and carboxymethyl cellulose (CMC), can
uniformly cover and chemically bond to the surfaces of active materials [12], good cycling
performance is therefore expected. Figure 1.9 compares the cycling performance of Si
electrodes made with different binders. Severe capacity fade was observed on the
conventional polyvinylidene fluoride (PVDF) binder while PAA binder shows good
capacity retention. Figure 1.10 shows the proposed mechanism of PAA and PVDF binders
[92]. In the PVDF electrode, the PVDF forms a thin net of fine (<30 nm) polymer threads,
alloy surface is exposed to electrolyte and severe SEI growth occurred during cycling (as
evidenced by 2.5 times higher resistance across the PVDF electrode thickness). PVDF does

not chemically bond to the alloy particles or current collector and experiences severe
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swelling when exposed to electrolyte. Worse still, the electrolyte decomposition products
increase electrode impedance and cause some alloy particles to become isolated. During
cycling the mechanical integrity of the electrode is further disrupted by alloy expansion,
alloy particles can easily become disconnected [93]. However, when PAA-based binders
are in contact with electrolyte, they do not swell and maintain strong adhesion to Si surfaces
[92]. PAA binders can also maintain good adhesion on Si surfaces via hydrogen bonding
[94]. It is also reported that during cycling, PAA binders can be electrochemically reduced,
converting carboxylic groups to lithium carboxylates and forming a protective layer (so-
called artificial SEI), this binder covered Si surface can then impedes further SEI growth
[93]. Through the comparison between PAA and PVDF binders, the importance of binders
in Si-based electrode is clearly demonstrated. Studies on advanced binders that can
improve the stability and integrity of the Si-based electrode during lithiation/delithiation

process are of great necessity for the future application of Si-based anode materials.
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Figure 1.9 A comparison of the cycling performance of Si nanoparticle electrodes using PVDF,
PAA, CMC and cross-linked PAA-CMC binders. Reprinted with permission from Ref [93].
Copyright 2016 American Chemical Society
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Figure 1.10 Comparison of binding mechanisms between PVDF and PAA binders. (a) SiO coating
with PVDF binder showing PVDF swelling upon exposure to electrolyte and poor adhesion. (b)
SiO coating with PAA binder, showing no swelling, the formation of an artificial SEI layer, and
strong binder adhesion Reprinted with permission from Ref [92]Copyright 2011 American
Chemical Society

1.5.2 Electrolytes and Electrolyte Additives

Both graphitic and Si-based anodes have low working potentials (0.05-0.5 V vs
Li/Li"), which are outside the thermodynamic stability window of most of electrolyte
components (solvents, Li salts, and additives) [95]. Hence, decomposition of these
components is inevitable during cell operation. The precipitation of the reduction products
passivates the anode surfaces, which dictates the interphasial chemistry. In the pristine
state, both materials are in the unlithiated state, and SEI layer is formed in steps. This is
where electrolyte additives can step in to do some useful work over the operating voltage
window. Unlike graphitic anodes, the native surface of Si-based anodes containing redox-
active passivating species, such as SiO2 and Si—OH [96], and these can irreversibly react

with lithium, organic solvents, and lithium salts, some of them being detrimental to the
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subsequent cycling performance [61,97-99]. In addition, the repeated volume change of Si
electrodes upon lithiation/delithiation will result in continuous SEI growth, which may
cause poor cycling. In response to such differences among graphite and Si anodes, care
must be paid while designing functional electrolyte and electrolyte additives for Si-based
anode materials, additives that work well with graphitic anodes may not necessarily be
suitable for Si anode-based electrode materials [100].

Fluoroethylene carbonate (FEC) is the most common additive in carbonate-based
electrolytes for Si electrodes [101-103]. Si-based electrodes in FEC-containing
electrolytes were found to show excellent performance in both capacity retention and
coulombic efficiency as shown in Figure 1.11 [104]. It is widely accepted that FEC-derived
interphases seem to be denser and thinner, whereas FEC-free interphases tend to be more
porous and permeable by electrolytes [101,105]. Ex-situ surface analysis of the cycled
electrodes shows that the additives are reduced to form a stable SEI composed of
polycarbonate, lithium alkyl carbonates, LioCO3 and LiF [102,103]. Nguyen et al. have
found that electrolyte containing 10% FEC has a good combination of reasonable cost, low
impedance and high capacity retention [102]. However, it was reported that high
concentration of FEC can cause significant gas evolution (After 500 hours cycling, cells
with 6% FEC will produce about 10 times more gas than cells with 2% FEC) in Si-
graphite/LiCoOz full cells compared to electrolytes containing VC [106,107]. In addition,
the presence of LiF in the interphase is controversial and its advantage to electrochemical
performance is under discussion. For instance, some studies have argued that HF can cause

SEI degradation and transition metal ion dissolution from the cathode [108].
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Figure 1.11 (a)Specific capacity and (b) Coulombic efficiency versus cycle at ~C/2 rate as a
function of cycle for a-Si thin film electrodes cycled in EC/DEC (red circles) and EC/DEC/FEC
(navy squares). Reprinted with permission from Ref [104] Copyright 2015 American Chemical
Society

1.6 Motivation and Goals of this Thesis

In addition to improved cell performance, some practical considerations are
necessary for the development of useful anode materials, such as compatibility with large-
scale production, compatibility with cathode materials and the sustainability and cost of
raw materials. In this thesis, Si-Fe-O anode materials were prepared by reactive ball milling
with the hope of combining the advantages of SiOx and Si-M alloys. Reactive gas ball
milling was selected as a very simple and low-cost method to prepare the Si-Fe-O anode
materials. The Si-Fe-O alloys were incorporated into alloy/graphite composites to enable

cell manufacturers to utilize them as a drop-in replacement for graphite. The goal of these
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efforts being to enable large-scale production and practical utilization of Si-Fe-O alloy
anodes. In addition, these methods can also be extended for making other alloy anode
materials. This thesis describes the synthesis and structural characterization of these

materials and their evaluation for use as active anode materials in Li-ion cells.
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CHAPTER 2 EXPERIMENTAL METHODS
2.1 Material Preparation Methods

2.1.1 Ball Milled Alloy Preparation
Mechanical alloying (MA) is a powder processing method to prepare amorphous

alloys, nanostructures, supersaturated solid solutions, metastable crystalline and
quasicrystalline phases from mixtures of elemental powders [109]. Elemental powders are
milled mechanically in high impact ball mills, resulting intermetallic phases with reduced
grain size [110]. MA was developed in 1970s with the purpose to disperse nanosized oxide
into nickel-based alloy powders [111,112]. It was also found that amorphous alloys can
form in this ball-milling method. Since then, MA has attracted lots of attention for the
preparation of supersaturated solid solutions, amorphous alloys, nanostructured composites,
quasicrystals, intermetallic, and crystalline phases [113].

Milling
ball

/ Metal particles

Figure 2.1 Schematic drawing of ball-powder-ball collision.

In the mechanical alloying process, ball-powder-ball collisions are the most
frequent events (shown in Figure 2.1). During such collisions, powder particles are trapped

between colliding balls and undergo deformation and/or fracture processes. It is commonly
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agreed that the crystallite size of alloys decreases with milling time. The final grain size is
achieved when there is a balance between dislocation accumulation and dynamic recovery
or recrystallization [110,114]. The mechanical properties of the processed powders, such
as their phase equilibria, and the stress state during milling, determines different behaviors
of MA processes [110]. Thermodynamics can be the driving force for phase formation
during high energy ball milling if the resulting phase is an equilibrium phase. When the
resulting phase is a non-equilibrium, or metastable phase, the driving force may come from
accumulated energy stored by the processed powder mixtures during repeated collisions
[115]. After repeated deformation from ball-powder-ball collisions, pure elements can
form nanocrystalline structures and energy can be stored in grain boundaries and defects,
where the atoms that reside in grain boundaries or other defects are in a higher energy state
than atoms in the bulk of crystalline grains. In this way, the severe deformation that occurs
during milling increases the free energy of the pure metals. In addition, the interfacial
energy arising from lattice defects and new grain boundaries also raises the free energy of
solid solutions [116]. The gained energy could be the driving force for reactions that occur
during mechanical alloying [117]. MA as an affordable, efficient, and flexible powder
processing method that has become popular for battery material synthesis [48,49,118—
127,51,128-133,53-57,77,117].

In this thesis, silicon (325 mesh, 99%, Aldrich) and iron (325 mesh, 99.9%,
Aldrich) powders in several stoichiometric ratios (Siioo-xFex, x = 5, 10, 15, 20) were ball
milled in a SPEX 8000-D mill (SPEX Certiprep, Metuchen, N.J.) using the optimized
conditions for high energy ball milling described in Reference [134]: 180g of 1.6mm 440C

stainless steel balls, 65mL hardened steel container, 0.5 mL total volume of sample
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powders, based on the powder bulk density. Total milling time was fixed at 16 hours but
with different milling periods in argon atmosphere or in air, in order to control the oxygen
content. Milling in an Ar atmosphere was accomplished by sealing the milling vessel in an
Ar-filled glovebox prior to milling. Milling in air was accomplished by "sealing" the
milling vessel in air with the o-ring seal removed prior to milling. This allowed the free
passage of gasses into or out of the milling vessel while retaining the powder charge.
Ethanol (99.89%, containing 0.10% H>0O, Commercial Alcohols) was used for sample
recovery. Sample vials were half filled with ethanol and milled for five more minutes. The
resulting ethanol slurry was then collected in a pan and then dried in a solvent oven at
120°C in air. Some samples were subsequently heated in a tube furnace at 600°C and 800°C
for 3 hours under an argon flow.
2.1.2 Mechanofusion

Mechanofusion (MF) is a dry powder processing method, which was developed in
Japan in the 1980s [135]. Figure 2.2 schematically illustrates the main components of a
mechanofusion machine. It consists of a fixed press-head, a scraper, and a rotating chamber.
During operation, the loaded powder is forced outward towards the chamber wall, and
when the chamber rotates, powder also rotates along the chamber wall by centrifugal action
[90,136]. When particles are passing through the gap between the press-head and the
rotating chamber wall, a high shear field is generated. After particles exit the diverging
space of the press-head region, they adhere to each other and travel towards the chamber
wall. The scraper is used to remove any powder attached to the chamber wall. The sheared
powder mixture then moves towards the press-head region again, and repeatedly undergoes

the process of compression, frictional shearing, and deagglomeration during machine
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operation [90]. MF can spheronize particles. As an example, it is used to spheronize natural
graphite to prepare negative electrodes [137,138]. This dry powder processing method can
also be used to coat soft/small particles onto large particle [136]. When particles pass
through the narrow gap between the press-head and the rotating chamber wall, they may
strongly collide with each other, generating heat that fuses them together [40]. Such fused
particles can then be coated onto the core particles by the rotary motion of the nucleus
particles and the strong compressive forces, while the rotary motion of the nucleus particles
is generated by friction between the particles [40]. The MF method can also be used to

embed small particles into large particles [136], which is its main function for this thesis.

Rotating wall

Chamber

> Press-head

Scraper

Figure 2.2 Schematic diagram of a Mechanofusion machine.

In this thesis, a 30 g mixture of Si-Fe-O alloy and A3901 graphite (Asbury Carbons)
(weight ratio: 1:6) was processed using an AM-15F Mechanofusion System (Hosokawa

Micron Corporation, Osaka, Japan). This equipment was modified by replacing the
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standard stainless-steel chamber, scraper, and press-head with identical hardened steel
parts (provided by DPM Solutions, Hebville NS Canada) to reduce wear [90].
Mechanofusion was operated at 2500 rpm with a 0.5 mm scraper/wall gap, and a 1.4 mm

press-head/wall gap.

2.2 Characterization Techniques
2.2.1 X-Ray Diffraction

X-ray diffraction (XRD) is one of the most useful methods to study materials'
crystal structure. X-rays are electromagnetic radiation of a wavelength ~ 1 A, which is
about the same scale as the distance between lattice planes in a crystal [ 139]. Both structural
and compositional information about crystalline materials can be obtained by XRD. For
laboratory XRD measurements, X-rays are typically produced in a vacuum tube by the
interaction of high energy electrons with a heavy metal target. Copper K, radiation is a
common type of X-radiation used for XRD, which is generated by applying a high potential
(~45 kV) between a tungsten filament cathode and a copper anode in a vacuum X-ray tube.
Electrons from the heated filament cathode are accelerated towards the anode and strike
atoms in the copper anode. The core electrons of copper can be knocked out. Electrons
from higher energy levels will drop down to fill the resulting vacancies, resulting in a
photon emission with characteristic X-radiation wavelengths. The energy of the
characteristic X-radiation equals the energy difference between the initial and final energy
states of the electron. K, radiation is emitted when electrons from an 2p orbital drop to fill
an empty s orbital. Due to the spin-orbit interaction, two energy levels exist within the Cu
2p orbital: the 2pi» and 2p3» orbitals. Therefore, K, radiation consists of Ky and Kqo

radiations. The Kqi transition is generated from the L3 (2p32) to the K (1s) orbital and
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corresponds to a photon with a wavelength of 1.5405 A. The Koo transition is from the L
(2p12) to the K (1s) energy level, resulting in the emission of a photon with a wavelength
of 1.5443 A [139]. The relative intensity ratio between Kq1 and Ko radiation is 2:1, because
there are four 2ps/ orbitals and two 2pi orbitals, giving rise to a higher Kqi transition
probability. Other radiations with lower intensity such as Kp radiation can be filtered out
with a monochromator. It is difficult to separate K, and Ky with a monochromator
because their wavelengths are too similar. However, nanocrystalline or amorphous samples
have broad peaks and the presence of Ky radiation has little effect on their XRD pattern.

Peaks arising K, radiation in crystalline materials can be subtracted by numerical methods.
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Figure 2.3 Schematic diagram of the Bragg-Brentano diffractometer, shown with divergent slits,
antiscatter slits and receiving slits. Reproduced with permission from Reference [140], Copyright
2015 Camardese, J.
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Figure 2.3 shows a schematic of a Bragg-Brentano diffractometer. Once X-rays
leave the X-ray tube, they pass a divergence slit, which defines the size of the X-ray beam.
The X-rays then interact with the powder sample and get scattered from the electrons in
the sample [140]. When the scattered X-rays are in phase, constructive interference occurs.

The angles at which constructive interference may occur are given by:

2dsinf = nl (2.1)

This equation is known as Bragg's law, where n is an integer, A is the wavelength of the
incident radiation (1.54 A for CuKa), and 0 is the angle of the incident radiation to the

sample. This relationship can be derived from trigonometry, as shown in Figure 2.4.

19

Figure 2.4 Schematic diagram of Bragg diffraction from crystalline planes in a solid.

Beam 1 and 2 are two parallel incident beams and beam 1' and 2' are the
corresponding diffracted beams. When the difference in the distance travelled by beam 1

and beam 2 (AD + BD in Figure 2.4) is equal to an integer multiple of its wavelength, the
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photons will be in phase, and the amplitudes of their waves will add (constructive
interference), resulting in radiation with increased intensity. In a Bragg-Brentano
diffractometer, the diffracted beam then passes through anti-scatter slits followed by a
receiving slit and then a diffracted beam monochromator to filter out any radiation other
than Cu-K, radiation (e.g., Cu-Kp radiation and radiation from sample fluorescence).
Finally, the filtered radiation is converted to an electronic signal by a detector. XRD
patterns are often plotted as the intensity of the scattered radiation vs. the scattering angle,
20. At values of 20 which give constructive interference, peaks in the scattered X-ray
intensity will be observed. The peak intensity is associated with a few factors, which can

be represented as:
1(20) = P(20) L (20) [F (hkD]*m(hkl) DW(286) (2.2)

where I is the measured intensity, P is the polarization factor, L is the Lorentz polarization
factor, F is the structure factor, m is the multiplicity, and DW is the Debye-Waller factor.
The Miller indices (4 k [) are used to define the reciprocal of the intercepts of a plane of
atoms with the unit cell. For a set of lattice planes with Miller indices of 4, k, [, the structure

factor is defined as:

F(hkD) = zfnezm (hx+ky+1z) 2.3)
n

The structure factor F (4 k [) sums scattering from all atoms in the unit cell to form a
diffraction peak (n atoms in total). x, y, and z are the positional coordinates of each atom,

and f, is the atomic form factor of the atom. The atomic form factor is the scattering
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amplitude of X-rays by the atom. Atoms with different atomic number will scatter X-rays
differently. Generally, the atomic form factor increases with the atomic number of an atom
(more electrons). Atomic form factors have been computed as a function of sin 6/A and are

available in the International Tables for X-Ray Crystallography Volume 3 [139].

The polarization factor represents intensity reduction due to the polarization of a
diffracted X-ray in the plane of diffraction, while the Lorentz polarization factor considers
the dependence of scattering intensity on scattering angles. Multiplicity considers the
scattering of a set of planes having the same interplanar spacings. The multiplicity is the
number of such lattice planes with a different Miller index but the d-spacings are the same.

For instance, a cubic unit cell has a multiplicity of 48, for the set of {4 k [} (h#k+[70)

planes The Debye-Waller factor DW (2 0) reflects thermal effect on the electron intensity
as a function of incident angle. Atoms are constantly vibrating about their mean lattice
position, and vibrational amplitude and frequency will be affected by temperature. Using
the above parameters, structural information, such as lattice constants, site occupations,
and atom positions, can be obtained by fitting an experimental XRD pattern and calculating

an optimized pattern based on trial crystal structures by Rietveld refinement.

In this thesis, XRD patterns were collected with a Rigaku Ultima IV diffractometer
equipped with a CuKo radiation X-ray tube, a dual position diffracted graphite
monochromator and a scintillation counter detector. A filament current of 40 mA and an
accelerating potential of 45 kV were used to generate X-rays. Powder samples were loaded
into a stainless-steel sample well with dimensions of 25 mm x 20 mm % 3 mm on a

stainless-steel plate and pressed flat with a glass slide to ensure a flat upper surface that
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was coplanar with the top of the sample holder before measurement. Measurements were
taken in 0.05° steps with a count time of 3 seconds per step, in the range of 10° to 80° 26.
The collected XRD patterns were compared with the ICDD PDF2 database for phase

identification [141].

2.2.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a useful technique for investigating the
surface morphology of materials and conducting elemental analysis, if equipped with an
energy dispersive X-ray spectrometer. SEM images are produced from interactions
between the incident electron beam and the specimen. Two major interactions can occur
when a high energy electron beam interacts with the specimen: elastic scattering and
inelastic scattering. Backscattered electrons (BSE) arise when incident electrons are
elastically deflected (i.e. negligible energy loss) from the specimen surface. BSEs can have
an energy range from 50 eV to nearly the incident beam energy [142]. More electrons can
be back scattered from elements with higher atomic number, which are accordingly
brighter in images. Therefore, SEM images produced from BSEs can show atomic contrast,
allowing chemical composition information to be obtained [142,143]. When inelastic
scattering occurs, the incident electrons lose energy by transferring some of their initial
energy to the specimen. This can result in an ejection of an electron from the specimen,
generating secondary electrons (SE) with energies that are normally less than 50 eV
[142,143]. Secondary electrons are used principally for topographic contrast in SEM

images, such as surface texture and roughness imaging [142,143]. SEs are mostly generated
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from regions near the surface of a specimen and BSEs are generated from regions that are

generally deeper within the specimen [142].

Besides the SEs and BSEs signals that are used to generate SEM images, other
signals are also produced when the incident beam strikes a sample, including the emission
of characteristic X-rays, Auger electrons, and cathodoluminescence (as shown in Figure
2.5. For example, characteristic X-rays are generated during the interaction between the
primary electron beam and the specimen, if a vacancy due to the ejection of a SE is filled
by an outer shell electron [142,144]. Since each element has unique atomic structure, the
resulting X-rays generated are characteristic of each element. This characteristic X-ray
emission spectrum enables both quantitative and quantitative elemental analysis by the
energy dispersive spectroscopy (EDS) technique [142,144]. In this thesis, SEM images
were obtained using a TESCAN MIRA 3 field-emission electron microscope. This
instrument is equipped with a secondary electron detector, a backscattered electron

detector, and an energy dispersive spectroscopy (EDS) system.
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Figure 2.5 Schematic diagram of several signals generated by the electron-specimen interaction in
the SEM and the regions from which the signals can be detected.

2.2.3 Transmission Electrochemical Microscopy

In contrast to SEM and EDS, the transmission electron microscope (TEM) detects
transmitted electrons and radiation. TEM allows the acquisition of diffraction patterns and
magnified images from the same sample area [139]. TEM diffraction patterns can provide
unit cell, space group and grain size information, while TEM images offer morphological
information. Grain size and orientation can also be visualized in images via lattice fringe
patterns. Thin specimens and high accelerating potentials (200 —300 kV) are used in TEM.
TEM samples are normally thinner than 200 nm because electrons interact strongly with

matter and are completely absorbed by thick particles [145]. High spatial resolution images
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are therefore achieved from transmission signals of thin samples, allowing better

observations of atomic configuration within the nanostructure [139].

Contrast in the TEM image is produced by the scattering of electrons due to their
interaction with atoms in the sample. Bright and dark areas refer to the density of electrons
striking the detector. Brighter areas correspond to where more electrons are transmitted,
while darker areas correspond to where electrons are scattered. Image contrast can be
explained by several mechanisms: mass contrast, because heavier atoms deflect more
electrons; thickness contrast, due to differences in sample thickness; diffraction contrast,
resulting from the scattering of the electron beams by structural defects; and phase contrast
[145]. The TEM images in this thesis were taken from a Philips CM30 TEM. TEM samples
were prepared by suspending sample powders in methanol, sonicating for about 5 minutes
then putting a drop onto a lacey carbon coated TEM grid.

2.2.4 Mossbauer Spectroscopy

The Mossbauer effect was first discovered by Rudolf Mossbauer in 1958. The
Mossbauer spectroscopy employs recoil-free absorption and emission of y-rays in solids to
study the energy levels of nuclei in atoms.’’Fe can be used in Mdssbauer spectroscopy to
study the structure of Fe-containing materials, because it has a natural abundance of ~2%
in bulk Fe. In addition, Mdssbauer spectroscopy is a useful tool for probing nanostructured
material, which can provide complementary information to XRD techniques.

37Co is used as the radioactive source in °’Fe Mdssbauer spectroscopy. A range of
y-rays matching the energy range of the nuclear transitions of the sample are generated

from a °’Co source by moving the source at a controlled velocity and utilizing the Doppler
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effect. A typical Mdssbauer spectrum is plotted as the transmission counts vs. the relative
source velocity (in mm/s). When the Doppler-shifted y-ray energy matches the energy of a
nuclear transition in the sample, the y-rays are resonantly absorbed, resulting in an
adsorption peak in the Mdssbauer spectrum.

The isomer shift, quadrupole splitting, and Zeeman effect are three types of
hyperfine interactions in Mdssbauer spectroscopy. These interactions can be used to probe
different Fe environments in the sample. The isomer shift (d) is a measure of differences
in s-electron densities of the source and sample. If the source and sample are in identical
chemical environments, the centre shift will be zero. Any difference in the s-electron
environment between the source and the sample will result in a non-zero resonant peak
shift. The isomer shift is usually measured relative to a known standard, a-Fe was used
(isomer shift defined as 0 mm/s) in this thesis.

Nuclei with a spin quantum number greater than 1/2 have a non-spherical charge
distribution. The non-spherical charge distribution produces an asymmetrical electric field
and a quadrupole moment. The quadrupole moment can interact with the electric field
gradient and splits the nuclear energy level. The splitting is called quadrupole splitting,
which produces two lines of equal intensity in the Mdssbauer spectrum. The centre of the
quadrupole splitting is the centre shift.

A nucleus with a spin quantum number [ > 0 will interact with the magnetic field
by its magnetic dipole moment: this is known as the Nuclear Zeeman effect. The magnetic
dipole interaction can result from either an internal magnetic field (as in the case of metallic
3"Fe) and/or, an applied magnetic field. This interaction splits the degeneracy of the nuclear

state into 21 + 1 states. In the case of >’Fe, the ground state spin quantum number is [ = 1/2,
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this state is then split into two non-degenerate states: ml = +1/2. The excited state with a
spin quantum number of I = 3/2 is split into four non-degenerate states: ml = £3/2, +1/2.
This gives rise to six allowed transitions according to the selection rules (Aml = 0 or £1)
and accordingly, a six-line spectrum.

In this thesis, room temperature >’Fe Mdssbauer spectroscopy was conducted using
a SEE Co. spectrometer operating in the constant acceleration mode with a >’Co(Rh)
source. The velocity scale was calibrated according to room temperature a-Fe foil. Alloy
sample powders were loaded in a 4 cm? PET sample holder.

2.2.5 Density Measurements (Gas Pycnometer)

Gas pycnometry is a non-destructive technique used to determine sample volume
by gas (an inert gas, such as nitrogen, argon, or helium) displacement, allowing
measurements of true sample densities. In this thesis, densities of samples were measured
with a helium pycnometer (AccuPyc II 1340, Micrometritics) under isothermal conditions.
Figure 2.6 shows a schematic diagram of the pycnometer. The major components are two
chambers: a measurement chamber of a known volume Ve with a lid for sample loading
and a reference chamber of volume Vier. The two chambers are connected via a valve.

During the measurement, a dry solid sample of known mass is placed in a
measurement chamber and sealed in air with the valve between two chambers closed. Then
the following operations are performed automatically by the instrument. The measurement
chamber is purged with He 10 times to remove possible moisture. The measurement
chamber is then filled with He gas up to pressure Pi. Then the valve connecting the two

chambers is opened, allowing He gas to flow from the measurement chamber to the
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reference chamber. When equilibrium is reached again, the pressure is recorded as P». The
volume of a sample Vsamp is calculated by applying ideal gas law:

P,
V;amp = Veeu — ﬁvref

Where Veen and Vier were determined by calibration procedures as 2.8844 cm? and 9.1458
cm?’. Pressures P; and P, are measured by the pressure gauge. Five measurements were
done on each sample and the average density of the sample is then calculated with the

acquired Vsamp and known sample mass.

v
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Figure 2.6 Schematic diagram of a gas pycnometer.

2.2.6 Oxygen Content Determination (LECO test)
Oxygen contents of alloy samples were determined by LECO (Laboratory

Equipment Corporation) analysis by NSL Analytical of Cleveland, OH. The LECO
analysis measures the oxygen content in the form of CO and CO> using a non-dispersive
infrared cell (NDIR) [146]. A pre-weighed sample (~0.05 g) is placed in a graphite crucible

and heated in a furnace to 2800 °C. At this high temperature, oxygen and nitrogen are
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released from the sample. The released oxygen reacts with the graphite crucible to form
CO and COz. Gases are carried out by an inert gas (such as helium) with controlled flow
rate. CO and CO; in the liberated analyte gases are detected using NDIR cells. The gases
then flow through a heated reagent, where the CO is oxidized to form CO». Another set of
NDIR cells are used to measure the amount of CO,. In NDIR cells, when gases pass through
the IR absorption cells, analyte gas molecules will absorb infrared energy at specific
wavelengths of the incident IR beam. Multiple CO and CO> NDIR cells are utilized to
provide more accurate oxygen results for a wider range of sample types and concentrations.
The concentration of an unknown sample is then determined using calibration standards
and reference measurements of pure carrier gas [147].
2.2.7  Cross Section Polisher

A Cross Section Polisher (CP) is an instrument using a high-energy argon ion beam
to remove materials from a sample surface to prepare a cross section for subsequent
observation, such as SEM. Figure 2.7 shows a schematic diagram of a cross section polisher
(CP). The major components of the CP are the ion gun, shielding plate and specimen.
During operation, an argon ion beam is emitted from ion gun, perpendicular to the sample.
The sample is partially covered with a shielding plate and the ion beam cuts the sample
along the edge of the shielding plate. The shielding plate is made of a material which has
a slow milling rate, and the edge of the shielding plate is placed at the desired cross section
position of the sample. The sample region protruding from the edge of the shielding plate
gets milled and the cross section at the edge of the shielding plate is exposed after the
milling process. For samples that containing both hard and soft components, the processing

rate of the Ar” ion beam will be different for materials of different properties. This may
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cause a streaked roughness. Stage swing can efficiently reduce this roughness and this
method is utilized when preparing cross section samples in this thesis. Working potential
(0-8 kV), argon gas flow rate, and milling time are three important parameters during the
operation of the CP. The potential can affect the cut width and removal rate. A higher
potential gives a wider cut and a faster removal rate. The argon flow can affect the argon
ion beam current. Both insufficient and excess gas flow can make the cutting beam
unstable. For a given potential, there is a stable argon gas region (70-80% of the maximum).
Extended milling time can increase the depth of the cut for the same sample. However, the
long milling time may cause heat damage for heat-sensitive samples. Extra care, such as
intermittent milling and sample thinning should be taken for such materials. Ablated
sample redeposition occurs when some of the atoms removed by the ion beam reattach on
the surface. This redeposition mostly builds up on already sectioned particles on their side
nearest to the part of the sample currently being ablated. Redeposition results in ablated
materials covering over the bulk material that is intended to be exposed for observation by
SEM and can result in making cross-section images difficult/impossible to interpret or can
lead to mistakes in their interpretation. It can be minimized by using smaller sample
protrusions (less material to be removed) and using a fine milling (low current) mode to
clean the cross-sectioned surface. In this thesis, a JEOL IB-19530CP Cross Section
Polisher was used to prepare smooth cross-sections of specimens. Samples were cross-
sectioned at 6 kV with an argon gas flow of 5.5 (a unitless machine setting) for 50 min then

a fine mode (4 kV) for 5 min.

48



Ton Gun

Sample

Ion Beam

Sample Stub

Shielding Plate

Figure 2.7 Schematic diagram of a cross-section polisher

2.2.8 Electrochemical Methods
2.2.8.1 Cell Construction

Coin cells were used to evaluate the electrochemistry Si-Fe-O alloys synthesized in
this thesis. To prepare electrodes incorporating the Si-Fe-O alloys developed in this thesis,
powders of Si-Fe-O alloys were mixed with carbon black (Super C65, Imerys Graphite and
Carbon) and a 10 wt.% aqueous solution of lithium polyacrylate (LiPAA) at a volumetric
ratio of 70/5/25 in distilled water using a planetary ball mill (Retsch PM 200) with two 11
mm WC balls at 100 rpm for 1 hour. A thin layer of slurry was coated on Cu foil (Furukawa
Electric, Japan) using a 0.1 mm coating bar. The coating was then dried in air at 120°C for
1 hour. The alloy electrodes were incorporated into 2325 type coin cells with Li metal as
the counter/reference electrode and 1M LiPF¢ (BASF) in a solution of FEC: EC: DEC
(1:3:6 by volume, BASF) electrolyte. The electrodes were separated by two layers of

Celgard 2300 separators.
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Figure 2.8 shows a general schematic of a 2325-type lithium coin cell made in this
thesis. Cells were made in an argon atmosphere glovebox. First the electrodes and separator
were wet with excess electrolyte in a stainless steel can. Spacers were added to apply an
appropriate pressure on the electrodes, to maintain good electrical contact. The bottom and
top casings were separated by a plastic gasket, to prevent electrical contact. Cells were

crimped twice to ensure a good seal.

Half-cells are easy to make and easy to understand as a first evaluation step. All
materials prepared in this thesis were tested in half-cells. Lithium foil was used as the
counter electrode so that the amount of lithium is not limited. Assuming impedance of the
counter electrode is small, changes in the measured potential in a half-cell may be attributed
to changes from the working electrode. The capacity of a single electrode is therefore
measured. Combined with excess electrolyte, the improved or worsened performance of
tested half cells can be directly related to the alloy material. However, it is noted that when
using half cells, a good cycling can still be obtained even if a material has poor coulombic
efficiency (CE). In a full cell, CE is defined as the ratio of the cell discharge capacity and
its previous charge capacity. The CE of a negative electrode material evaluated in a in a
half cell is the discharge capacity over the charge capacity of the previous half-cycle.
Variations in CE values can be caused by the property of active material, electrode
compositions, cycling protocols (temperature, current rate, cutoff voltage), electrolyte
formulations, and the precision of charger. Higher coulombic efficiency leads to better
cycling performance, especially in a full cell, as the amount of available Li ions and

electrolyte is limited. However, in half cells Li metal is used as the counter electrode and
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a huge excess of electrolyte is present, resulting in a practically unlimited supply of Li and
electrolyte. Therefore, good cycling performance in a half cell is not necessarily associated

with good CE performance.
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Figure 2.8 Schematic diagram of 2325-type coin cell assembly.

2.2.8.2 Electrochemical Tests

Electrochemical techniques were used to test the performance of electrode
materials. Electrochemical tests were performed using a Neware Test System. The cycling
protocol is listed in Table 2.1. Coin cells were cycled at 30°C, between S mV and 0.9 V at
a rate of C/20 and signature discharged (lower currents in steps with a relaxation time
between each current change, step 1-5 in Table 2.1) to C/40 for the first cycle; and at a

C/10 and signature discharged to C/20 (step 8-12 in Table 2.1) for following cycles. Cells
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were charged and discharged with a constant current until the upper cut-off potential (0.9
V) or the lower cut-off potential limit was reached. ‘C-rate' is used to describe the constant
current used during cycling. It is defined as the theoretical capacity of a cell (in mAh) over
the desired charge/discharge (in h). For instance, C/10 means the charge/discharge current
required for a cell to be fully charged or discharged to reach its theoretical capacity in 10
hours. In this thesis, a signature discharge, which simulates the cycling conditions of
commercial lithium-ion cells, were performed on all candidate anode materials to mimic
the constant current, constant potential charging protocol that is typically used in full cells

[12].

Electrochemical measurements can provide important information, such as the
working potential window, capacity, energy density, rate capability and cycle life. Phase
changes and diffusion behavior can also be interpreted from appropriate electrochemical
measurements. Those properties are essential parameters when evaluating the commercial
potential of electrode materials. Potential curves are one of the most important
electrochemical measurements. The measured potential is plotted versus the gravimetric
capacity. The potential curve shows changes in the chemical potential as the
discharge/charge proceeds. According to the Gibbs phase rule, the degrees of freedom in a
closed system at equilibrium is defined as f = C - P + N, where C is the number of
independent components, P is the number of phases existing in the system, and N is the
number of any additional system variables [148]. For the Li-Si binary system at constant
temperature and pressure, plateaus occur in the potential curves when there is a two-phase

region. This is because C =2, P =2, and N = 0 corresponds to zero degrees of freedom. In
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such a region, the potential does not change with the Li concentration. In contrast, a sloping
region in the potential curve indicates the existence of a single-phase region. In this case,
only one phase exists. Therefore the number of degrees of freedom is one and thus the

potential can change with Li concentration [149].

Table 2.1 Cycling protocol used in electrochemical tests

STEP OPERATION
1 Discharge C/20 to 5 mV

2 Rest 10 minutes

3 Discharge C/30 to 5 mV

4 Rest 10 minutes

5 Discharge C/40 to 5 mV

6 Charge C/20 t0 0.9 V

7 Rest 15 min

8 Discharge C/10 to 5 mV

9 Rest 10 minutes

10 Discharge C/15 to 5 mV

11 Rest 10 minutes

12 Discharge C/20 to 5 mV

13 Charge C/10t0 0.9 V

14 Repeat step 7-13 for rest cycles

Differential capacity curves (dQ/dV vs. V, where Q = capacity and V = cell

potential) allow small changes in potential curves to be observed more easily. For example,
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plateaus in a potential profile (presence of two-phase regions) correspond to sharp peaks
in a differential capacity curve, while sloping regions in a potential curve (single phase
region) result in broad peaks in the differential capacity. These characteristics are very
useful. For example, the formation of two-phase regions during the cycling of alloys is
undesirable, as two-phase regions cause inhomogeneous volume expansion and high
internal stresses, which can result in rapid capacity fade. During the alloying process
between Si and Li, a sharp peak at 0.43 V during delithiation will be observed if Li15Sis is
formed during cycling. However, the differential capacity plot of amorphous Si without
formation of Li15S14 during cycling shows two broad peaks during delithiation [150]. In the
present study, suppression of LiisSis formation is expected for the as-prepared Si-Fe-O

alloy, where dQ/dV plots could be applied to verify this expectation.

Additionally, cycling performance plots, which show the capacity versus cycle
number, are very useful as well. Information including charge/discharge capacity at each
cycle, irreversible capacity, coulombic efficiency (CE), and cycling stability can be directly
obtained. After cycling tests, cells were dissembled in an Argon-filled glovebox, alloy
electrodes were rinsed with DMC thoroughly to remove remaining electrolyte. Ion beam
polished cross sections were obtained with the cross section polisher. Cross-sectional SEM
images was then taken as described in section 2.2.2. By observing electrodes after cycling,

information such as alloy degradation and structural changes can be obtained.

This chapter has introduced experimental techniques that are utilized in this present
study. The following chapters will discuss results that are obtained from those studies as

well as some supplemental experiment details.
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CHAPTER 3 SigsFe1sOx ALLOYS

3.1 Introduction
It was introduced in Chapter 1 that cell fade associated with Si volume changes can

be reduced if nanostructured or amorphous Si-based alloys are used, which have reduced
volume expansion and in which the a-LixSi - Li15Si4 phase transition is suppressed. Iron is
an excellent candidate as an inactive component for Si alloys due to its high earth
abundance, low cost, and good conductivity. For these reasons, the Fe-Si system has been
intensively studied and prepared by various methods (such as magnetron sputtering, ball
milling, reduction, and spark plasma) in recent years [45,46,152—159,51-57,126].

However, Si-based alloys still suffer from side reactions with electrolyte during
cycling, although the rate of these reactions is greatly reduced [160]. SiOx has also been
extensively studied as an anode material because of reduced volume expansion, less side
reactions with electrolyte, and high capacity retention during cycling [59]. However, the
first coulombic efficiency of SiOx is low because of the irreversible formation of lithium
silicates [60]. In addition, the preparation method of SiOx can be expensive. However, it
was recently reported that SiOx can be made by ball milling Si in air [66]. SiOx has an
additional advantage in that it can maintain its amorphous microstructure, even when
heated to high temperatures (e.g. 800 °C). Indeed, such thermal treatment has been reported
to improve its capacity retention [161]. Also, this high temperature stability makes it
compatible with carbon coating by chemical vapor deposition, which has been shown to
improve its capacity retention further.

Furthermore, it has been shown that Si-alloy particles made by ball milling can be
embedded within graphite particles by mechanofusion processing [90]. Ball milled

particles are ideal for this purpose, since they typically have primary particle sizes of ~0.5
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um, which can be embedded into ~10 um graphite particles without changing their
morphology. However, electrolyte can still permeate into such particles and react with the
embedded alloys, causing cell fade. Applying a carbon coating to the composite particles
by CVD can eliminate electrolyte infiltration. The main goal of this thesis is to create alloy
particles that can be embedded within graphite particles by mechanofusion to create
composite particles that can be subsequently carbon-coated to eliminate electrolyte/alloy
interactions, while maintaining good cycling properties and low irreversible capacity. In
order to achieve this, the Si-alloy should have the following properties:

- ~0.5 pm primary particle size

- low irreversible capacity

- retains nanostructured Si phase when heated to CVD processing

temperatures (~800 °C)

This chapter will show that such alloy particles can be obtained by utilizing
SigsFe150x alloys, which combine the low irreversible capacity of Si-M alloys with the high
thermal stability of SiOx. By making the SigsFe150x alloys by reactive ball milling in air,
the target 0.5 um primary particle size can be achieved, while additionally making this
alloy economical to produce. This synthesis would be very attractive from a commercial
point of view since SiOx-containing materials with enhanced cell performance can be easily
processed. The milling process introduces air as a convenient source of oxygen by simply
removing the O-ring of a milling vial. Figure 3.1 shows the parts of a milling vial. During
air milling period, air can flow in the vial though a hole in the cap when the O-ring is not
utilized. Different milling procedures were used to study the effect of air exposure time,

which are shown in Figure 3.2.
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Figure 3.1 The different parts of a SPEX milling vial.
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Figure 3.2 Scheme of ball milling procedures for different SigsFe sOx alloys.

The resulting ball milled materials were studied as anode materials for lithium-ion
cells. The microstructure and the electrochemical performance of the prepared SigsFeisOx
alloys are discussed in detail. The introduced oxygen content was quantitatively followed
during milling, allowing the understanding of its effect on cell performance. It was also
hoped that SigsFe150x alloys could show good thermal stability to enable high-temperature

thermal processing. Therefore, air milled SigsFe150x alloys were subsequently heated in a
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tube furnace at 600°C and 800°C for 3 hours under an argon flow and their microstructure
and electrochemistry were investigated accordingly.

3.2 Material Characterization

3.2.1 Material Compositions
Figure 3.3 shows the oxygen content of the SigsFe15Ox alloys as a function of time

milled in air. At zero milling time, the oxygen content is about 7 at.%. A previous LECO
test identified that the Si precursor contains 8 at.% of oxygen impurity [49]. Therefore,
alloys prepared with this Si precursor may contain at least 8 atomic % oxygen with respect
to their Si content, which is consistent with the oxygen content reported here for the Oh
SigsFe150x alloy. From 0 h to 6 h air milling time, the oxygen contents linearly increase
with the time milled in air until an oxygen composition of about 20 at.% is reached. After
6 h, there is no significant change (> 2 at.%) in the oxygen content even when the air
milling time was increased to 10 h. The same trend has been observed for reactive ball
milling of Si in air to make SiOx in which the maximum oxygen content that could be
achieved by reactive ball milling was SiO¢37. As the alloy particles become fractured, new
surfaces react with the air, until the particles become too small to fracture, at which point
no further reaction occurs [161]. Therefore, the samples range in composition from
[Si0.85Fe0.15]9307 (Oh air milled sample) to [Sio.ssFeo.15]80020 (6-10h air milled samples).
This corresponds to a maximum O:Si ratio of 0.29. However, if it is assumed that the iron
has reacted with the Si to make FeSi», as suggested by XRD results shown in section 3.2.2,
then the O:(unreacted Si) ratio is 0.45, which is somewhat higher than the maximum O:Si
ratio of 0.37 achieved for reactive ball milled SiOx [161]. The iron content was 14.8 + 0.6

at.% (metals basis) for all samples according to EDS elemental analysis, and had no
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dependence on the air milling time. This indicates that the Fe contamination from milling
was insignificant compared to the overall Fe content (i.e. < 2 % of the total Fe

composition).

25 T T T T T T T T T

N
o
lo|
lof
{e}

—
(3]
I
e
1

Oxygen content (mole %)
=
—
Lo
| 1

(54
T
1

0 1 | 1 | 1 | 1 | 1
2 4 6 8 10
Time milled in air (h)

Figure 3.3 Oxygen content of SigsFe;sOx alloys versus air milling time. The accuracy of the LECO
method is £2% of the measured value for oxygen contents in the range of 10-25% and £5 % of the
measured value for oxygen contents in the range of 3-10% (provided by NSL Analytical).

3.2.2 Microstructure studies

X-ray diffraction was used to study the structure of each material. Figure 3.4 shows
powder XRD patterns of ball milled SigsFeisOx alloys at different air milling times. Peaks
of known phases are indicated. The as-milled SigsFe150x alloys are composed of a-FeSi>
(PDF: 00-089-2024), f-FeSi>» (PDF: 00-071-0642) and an amorphous phase consistent
with broad intensities consistent with Si or SiOx. Here a-FeSi; is the high temperature

(>937 °C) stable phase of FeSi» and -FeSi» is the low-temperature stable phase (<937 °C),
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which can be found on Figure 3.5. The high temperature a-FeSi> phase has a tetragonal
crystal structure, with Fe and Si atoms arranged in planes of square lattices in a Fe-Si-Si
layer stacking sequence, and each Fe coordinated to eight Si atoms in a cube [55]. The
crystal structure of the B-FeSi2 phase is orthorhombic. The B-FeSi2 phase has a more
disordered structure, with many partially occupied lattice positions. The coordination
number of Fe atoms is still eight, but the Si and Fe atoms are arranged in a highly distorted
cube. The preferential formation of metastable a-FeSi> during ball milling Fe and Si has
been reported previously [51,162]. Samples prepared with different air milling times have
very similar XRD patterns, despite having significant differences (> 5 at.% for 0-6 h

samples) in oxygen content, as discussed above.
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Figure 3.4 (a) XRD patterns of SigsFeisOx alloys as milled and after thermal annealing at 600°C
and 800°C. Known phase peak positions and intensities are indicated by vertical lines. (b)
Expanded XRD patterns of highlighted regions in (a).
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The diffraction patterns of ball milled SigsFe150x alloys before and after annealing
at 600°C and 800°C are shown in Figure 3.4. The XRD patterns of 600°C annealed
SigsFe1s0Ox alloys are almost identical to the unheated SigsFe1sOx alloys, indicating that no
phase transitions or crystal growth detectible by XRD occurs at 600°C. At 800°C, the heat
treatment causes crystallization of the -FeSi» phase. The -FeSi» phase exhibits increased
intensity and becomes the dominant phase in the XRD patterns for all the 800°C annealed
alloys, while the a-FeSi» peaks almost disappear. For alloys prepared with shorter air
milling times (0 h, 2 h and 4h), a small shoulder appears at 28° (Figure 3.4 (b)), on the left
of the main B-FeSi, peak (20 = 29.19°), corresponding to crystallized Si (111). However,
the 28° and 30° peaks are not resolved for samples made at longer air milling hours (6 h, 8
h and 10 h air milled samples), which may indicate that the Si in those samples are still
amorphous/nanocrystalline. This excellent thermal stability is highly desired for post-
treatment methods such as carbon coating, where pyrolysis and CVD normally requires

high temperatures.
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Figure 3.5 Fe-Si binary phase diagram, Reproduced with permission from Reference [163].
Copyright 1993 ASM International.

Figure 3.6 shows SEM images of as-milled SigsFe;sOx alloys. It was found that

SigsFe1sOx alloys made with different air milling times have very similar morphologies.

The samples are all composed of submicron to micron-sized particles as significant size

reduction (> 10 % change in observed mean particle size) occurred during the mechanical

milling process. Increasing air milling time does not significantly change the morphology

of the SigsFei5s0x alloy particles as could be detected by observation of the SEM images.
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Figure 3.6 SEM images of SigsFesOx alloys with different air milling times

TEM images of 0 h and 8 h air milled SigsFe150x alloys are shown in Figure 3.7(a)
and Figure 3.7(b). The images show dark regions that are about 10-20 nm in size
surrounded by a lighter matrix. Dark areas correspond to those that are electron-rich, while
light regions correspond to those that are electron poor. In this case, this suggests that the
dark regions are those that include Fe and the light regions do not include Fe. Combining
with XRD results suggests that the dark regions are FeSi> phases, while the light regions
consist of Si or SiOx.

Additionally,”’Fe Mossbauer spectra were obtained for 0 h air milled SissFeisOx
and 10 h air milled SigsFe50x and are shown in Figure 3.8(a) and (b), respectively. Both
spectra can be fitted with a doublet, which is consistent with the presence of FeSi> phases
[163]. However, the spectra show some asymmetry, which possibly corresponding to
paramagnetic nanograined Fe (a singlet) introduced from milling media. No significant
changes (i.e. changes in isomer shift and quadrupole shift of the FeSi, peak are within 4%)

can be found in the Mdssbauer spectrum after the introduction of oxygen. In particular, the
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characteristic sextet pattern associated with Fe,O3 was not observed in all three alloy
samples [164]. This result also indicates that in the SigsFeisOx alloys made here, oxygen is
present in the form of silicon suboxides, while all elemental Fe reacted with Si to form iron

silicides.

Figure 3.7 TEM images of (a) SigsFeisOx(0Oh), (b) SissFeisOx(8h), (¢) 600°C annealed
SigsFeis0x(8h), and (d) 800°C annealed SissFe1sO«(8h) alloys.

In summary, significant differences in the SigsFeisOx alloys could not be detected
by SEM, XRD, TEM or °’Fe Mossbauer measurements, despite significant differences in
the oxygen contents in these samples. However, differences between the alloys became
apparent after the samples were heated. The diffraction patterns of ball milled SigsFe1sOx
alloys before and after annealing at 600°C and 800°C are shown in Figure 3.4. The XRD

patterns of 600°C annealed SissFeisOx alloys are almost identical to the unheated
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SigsFe15s0x alloys, indicating that no phase transitions or crystal growth detectible by XRD
occurs at 600°C. At 800°C, the f-FeSi» phase, which is the thermodynamically stable
phase at 800°C, crystallizes and becomes the dominant silicide phase in the XRD patterns
for all the 800°C annealed alloys, while the a-FeSi, peaks almost disappear. After heating
to 800°C a distinct peak also appears at about 28° for samples ball milled in air for 4h or
less. This peak corresponds to the Si (111) peak, indicating that crystallization of elemental
Si occurs in these samples during heating. The intensity of this peak is highly correlated to
the air milling time, with the peak becoming smaller as the air milling time is increased.
This is understandable, since with longer milling time in air, the amount of elemental Si
should reduce, as Si reacts to form SiOx. In contrast to the samples with low oxygen
content, the samples with greater than 4h air milling time show no evidence of crystalline
Si formation after heating to 800°C, indicating excellent thermal stability.

TEM images were also obtained for the heated SissFeisOx alloys, as shown in
Figure 3.7(c)-(d) for the case of the SigsFeisOx(8h) alloy. In general, the overall
microstructure is well-maintained even after heating to 800°C. Cao et al. have found that
the isolated Si nanocrystallites in ball milled SiOx materials (prepared in a similar way as
the study conducted here) maintain their size (< 10 nm) even after heating to 800°C [66].
This may be similar to the observed behavior of the Si phase in the SigsFeisOx(8h) alloy.
However, the FeSi» phases in the SigsFeisOx alloys create interference in TEM images,
making it hard to observe changes in the Si nanocrystallites during the annealing process.
From the TEM and XRD results, it appears that the 800°C annealed samples with > 4h air
milling time comprise small (~10 nm) Si nanocrystallites and FeSi> nanocrystallites with

larger crystallite sizes. Figure 3.9 provides a simple drawing of the possible microstructure
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the air milled SigsFeisOx alloys. Further confirmation of this proposed microstructure is

provided by the electrochemical studies below.
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Figure 3.8 ’Fe Mossbauer spectra of (a) 0 h and (b) 10 h air milled SissFe;sOx alloy.
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Figure 3.9 Proposed microstructure of SigsFeisOx(8h) alloys.
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3.3 Electrochemical Performance of SissFeisOx Alloys
Figure 3.10 and Figure 3.11 show the potential profiles and corresponding

differential capacity curves (first three cycles) of the SigsFeisOx(0-10h) alloys. The
observed first reversible capacity decreases as air milling time increases, changing from
about 1600 mAh/g to 1200 mAh/g, due to the reaction between Si and oxygen, resulting in

the loss of active Si.
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Figure 3.10 Potential profiles of SigsFe sOx alloys (at different air milling time) as milled and after
thermal annealing at 600°C and 800°C.
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Figure 3.11 Differential capacity as a function of potential for the alloys shown in Figure 3.10

Figure 3.12 shows the predicted and experimental capacities of the electrodes
during first lithiation and delithiation. The lithiation capacity was calculated assuming that
any oxygen present in the alloys will form inactive Li4SiO4 during the first lithiation, any
FeSi> phases are inactive and the remaining active Si can reversibly react with 3.75 Li to
form Li;5Si4. This model has been shown to work well for ball milled FeSi> and SiOy alloys
[51,161] and sputtered Si-Fe-O alloys [56]. Here, the model also works well for the

SigsFe1sOx(0h) sample. For this sample, the theoretical lithiation capacity is larger than
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predicted (as expected from SEI formation), while the delithiation capacity is nearly
exactly as predicted. For higher oxygen contents, the measured lithiation and delithiation
capacities become reduced with increasing oxygen content at a rate that is faster than
predicted by the model. It is difficult to understand the reason for this. As will be shown
below, capacities become even further reduced after thermal treatment. It is speculated that
some active Si in these samples may become completely surrounded and isolated by
inactive phases, as the inactive phase fraction increases and therefore becomes inaccessible
towards lithiation. This behavior has also been observed in SiO, where isolated Si species
also exist and the fraction of isolated Si increases with thermal treatment, resulting in
reduced capacity [61]. Further details about the thermal treatment of these samples will be

discussed later.
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Figure 3.12 The first lithiation and delithiation capacities of ball milled SissFe;sOx alloys as a
function of oxygen content (error bars based on the standard error of 3 - 6 replicates).
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A small plateau at 0.45-0.65 V in the potential profiles (Figure 3.10) and a
corresponding peak in the differential capacity curves (Figure 3.11) during the first
lithiation is observed for all the air milled alloys and disappears in the following cycles. In
SiOx made by reactive air milling, this first lithiation high potential plateau is believed to
be associated with the irreversible formation of Li4SiO4 at oxygen defect sites [56,161].
The potential and capacity of this plateau have been found to increase with increasing
oxygen content [56,161]. This was also found to be the case here. Figure 3.13 shows an
overlay of the first lithiation differential capacity curves of all the alloys, in which it can
clearly be seen that both the potential and the area under this peak increase with increasing
air milling time/oxygen content. This is quantified in Figure 3.14 in which the amount of
Li inserted per mole of (Sio.ss5Feo.15)1-xOx during the initial 0.45-0.65 V lithiation potential
plateau is plotted as a function of the oxygen content. Also plotted in this figure is the
amount of Li extracted during delithiation between 0.9 V and 2 V for each alloy
(differential capacity curves of the alloys cycled above 0.9 V are shown in Figure 3.15).
The amount of Li extracted above 0.9 V has been shown to be directly correlated to the
amount of oxygen in ball milled and sputtered SiOx [60,161]. As the oxygen content
increases, the amount of Li associated with the high potential initial lithiation plateau and
the capacity above 0.9 V both increase linearly. In addition, the slope of both plots is close
to 1, which is consistent with the formation of Li4Si04 (Li:O=1:1) during the first lithiation.
This is also consistent with earlier studies of SiOx [60,161]. This result shows that all of
the oxygen in the sample can be converted to the Li4SiO4 phase, as in the case of ball milled
and sputtered SiOx. It furthermore verifies the accuracy of the measured oxygen contents

in these samples.
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Figure 3.13 The first lithiation differential capacity curves of ball milled SissFeisOx alloys at
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During the initial lithiation, subsequent to the high potential plateau, a sharp peak
at about 0.28 V in some of the SigsFe150x alloys was also observed. This peak has been
associated with a nucleation and growth process for the initial lithiation step of Si [39]. As
lithiation progresses, two broad peaks are then observed, corresponding to two single-phase
lithiation processes that occur for amorphous Si. During delithiation, two corresponding
broad peaks are observed which correspond to the delithiation of amorphous Si [22]. No
pronounced peak at around 0.43 V, associated with Li15Si4 delithiation, were observed for
any sample, indicating Li15S14 formation is fully suppressed during the lithiation of these
alloys. The suppression of LijsSi4 formation is thought to be due to stress-potential
coupling between the active Si and the inactive phases in Si-M alloys [46,50,165] and is
thought to enhance cycling performance, since the two-phase LiisSi4 delithiation reaction
is avoided.

Figure 3.16 shows the specific capacity vs. cycle number of ball-milled SigsFe150x
alloys. SigsFe150x(0h) suffers from capacity fade. With increasing air milling time, the
initial reversible capacity decreases as the amount of active Si is reduced, as discussed
above. However, improved cycling performance was obtained with increasing air milling
time, likely as the result of increased inactive phase and reduced volume expansion. The
inactive Li-O species formed during the first lithiation not only can reduce the overall
volume expansion of SigsFeisOx alloys, but also improve the ion conductivity
[71,78,166,167]. The 10 h air milled alloys have the highest capacity retention of about

1100 mAh/g after 50 cycles.
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Figure 3.16 Specific capacity versus cycle number of SigsFeisOx alloys with different air milling
times.

Figure 3.17 shows the CE plots of ball milled SigsFe1sOx alloys made at different
air milling times. The air milled samples generally have better CE performance than the
non air-exposed SigsFeis alloy, indicating less side reaction with electrolyte during cycling.
Further improvements to cycling performance can be made by incorporating these alloys

in electrodes with graphite, which will be discussed in Chapter 5 and 6.
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Figure 3.17 CE versus cycle number of SissFe;sOx alloy made at different air milling times, air
milling hours are indicated in different colors.

Figure 3.10 and 3.11 also show the potential profiles and differential capacity
curves of SigsFe1sOx alloys as milled and after different thermal treatment. The potential
profiles of the 600°C annealed alloys are very similar to the as-milled alloys, excepting
that the initial lithiation high potential plateaus have become reduced in potential and in
capacity. The similarity between the as-milled alloys and the 600°C annealed alloys reflects
the similarity also in the XRD patterns and TEM images of these samples. For the 800°C
samples and for air milling times less than 6h, the high potential plateaus have completely
disappeared. This effect is associated with the healing of oxygen defects during thermal
processing [161]. For the SigsFe1sOx (Oh) RT and 600°C alloys, the lithiation differential

capacity curve comprises an initial sharp peak at about 0.29 V and 0.18 V, respectively,
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which likely correspond to a nucleation and growth process as the alloy is initially lithiated.
However, this peak is not present for SigsFeisOx (2-10h) alloys. Presumably, the initial
lithiation process at high voltage due to the high potential oxygen plateau precludes the
nucleation and growth process in the oxygen-containing alloys. For the 800°C annealed
samples milled less than 6h in air where the high potential plateau is not present, a sharp
peak corresponding to the nucleation and growth of lithiated phases during the first
lithiation is present at about 0.14 V. For longer milling times, when the high potential
plateau precludes nucleation and growth, this sharp peak disappears.

For the 800°C annealed alloys, a flat plateau is observed in the potential curves
during delithiation for the SigsFe150x alloys with short air milling time and a corresponding
delithiation peak appears near 0.43 V in their differential capacity curves. This peak is
associated with the delithiation of Li;5Si4 and indicates that this phase has been formed
during the previous lithiation half-cycle. The formation of LiisSis occurs if the active Si
phase in the alloy has aggregated or is poorly connected to the inactive phase and is
associated with capacity fade [39,46,50,51,165]. The sharpest 0.43 V peak appears for the
800°C annealed 0 h air milled alloy, where the crystallization of Si can be identified from
the XRD pattern (Figure 3.4(b)). Indeed, the presence of the 0.43 V peak in the differential
capacity curves is directly correlated with the size of the crystalline Si peak shown in Figure
3.4(b). As demonstrated in Figures 3.4(b) and 3.10, alloys with higher air milling time are
more effective at suppressing Si crystallization during annealing and suppressing LiisSi4
formation. The SigsFe150x(6-10h) alloys are particularly thermally stable, with both Si
crystallization and Li;5Si4 formation being nearly completely suppressed in these samples

after heating to 800°C.
76



The cycling performance of the 800°C heated alloys are shown in Figure 3.18. After
heating, the alloys have a lower capacity than the unheated alloys. This is likely due to the
disproportionation of Si-O species to Si and inactive SiO, resulting in the isolation of
active Si regions, making them inaccessible towards lithiation, as has been previously
observed in heated SiOx [61]. Severe capacity fade occurs for the heated alloys with short
air milling time. As the air milling time is increased (and Si crystallization and Li;5Sis
formation is suppressed), capacity fade is reduced. In particular, the 800°C annealed
SigsFe1sOx(10h) alloy maintain a capacity about 1000 mAh/g with almost no loss after 50
cycles. This good thermal stability enables these alloys to be amenable towards high-

temperature processing.
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Figure 3.18 Specific capacity versus cycle number of SigsFeisOx alloys with different air milling
times after annealing to 800°C.

3.4 Conclusion
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The microstructure of ball milled SigsFe150x alloys were investigated as a function
of air milling time. Oxygen content of the milled alloys was found to increase with the air
milling time from O h to 6 h, followed by a steady state after 6 h. The electrochemical
behavior of ball milled SigsFe15sOx alloys (with initial composition SiossFeo.1s5) made at
different air milling times (0 h, 2 h, 4 h, 6 h, 8 h and 10 h) was examined in Li cells. It was
found that increasing air milling time decreases the specific capacity as the introduced
oxygen reacts with Si. However, increasing air milling time can help improve the cycling
stability and suppress the formation of LiisSi4. The 10 h air milled SigsFe150x alloy shows
high volumetric capacity and good cycle life.

The ball milled SissFe150x alloys were then heated to test their thermal stability. No
significant changes (no additional features in the potential profiles, measured capacity
within 5 %) can be observed between the potential curves of the unheated and 600°C
annealed SigsFe15sOx alloys, which is consistent with the XRD results. Some of the annealed
alloys even show improved capacity retention. Although crystallization occurred in some
of the 800°C annealed alloys and a more noticeable plateau at 0.43 V presented in the
potential curves, the 800°C annealed alloys still have good cycling stability with some
decrease in the specific capacity. It is also found that the potential curves of SigsFeisOx
alloys with higher oxygen content are less affected by high-temperature treatment, as
evident by no sign of LiisSis formation at 0.43 V. In general, SigsFeisOx alloys have
excellent thermal stability, even after being annealed to 800°C. For instance, the 10 h air
milled SigsFe150x alloy is an outstanding candidate among the examined alloys for use in
commercial cells. It retains a capacity of 1000 mAh/g after 50 cycles with little LiisSia

formation after high-temperature treatment.
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CHAPTER 4 SiFexOy ALLOYS
4.1 Introduction

Chapter 3 discusses ball milled SigsFeisOx alloy microstructure and electrochemical
performance. All SigsFe150x alloys were prepared with a fixed 85:15 stoichiometric ratio of Si and
Fe. Chapter 3 describes the effect of oxygen introduced by air milling on SigsFeisOx alloy
electrochemical performance. Miyachi et al. found that the Fe doped SiO anode has improved
electrical properties compared to SiO. They claimed that the inclusion of Fe can help the diffusion
of lithium ions in the electrode [168]. Ruttert et al. prepared Si-Fe alloys at different Si:Fe ratios
and different electrochemical performance were obtained [51]. Therefore, it would be very
interesting to investigate the effect of iron content on the electrochemical performance of the air
milled SiFexOy system. In this chapter, Si and Fe powders were loaded at different atomic ratios
(Si, SigsFes, SigoFeio, SissFeis and SisoFezo) and ball milled for 16 hours with 10 hours of air
exposure in order to investigate the effect of iron content on structure and electrochemical
performance. In addition, the most promising composition was also prepared by ball milling
different starting materials (Si+ Fe2O3 powders and SiO» + Si + Fe powders) under Ar atmosphere.
Their corresponding electrochemical performance and thermal stability were compared.

4.2 Results

Table 4.1 lists the chemical compositions of the as-milled alloys determined by EDS
chemical analysis. It is noted that the oxygen content is overestimated because of the low atomic
number of the oxygen and its different interaction volume compared to Fe or Si. However, the
amounts of Si and Fe on a metals basis are consistent with the initial loading compositions and
about 0.91 at. % of iron identified in the iron-free sample. This amount of iron is considered to be

contamination from the milling media (milling vessel and milling balls). In order to accurately
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determine the final compositions of the resulting materials, LECO tests were used to determine
the oxygen contents. Based on LECO results for oxygen content and SEM-EDS results for metals
content, the compositions of the resulting alloys were calculated and are listed in Table 4.2
(normalized to the Si content). These compositions are represented in a ternary composition
diagram in Figure 4.1. The influence of the Fe to Si ratio on the oxygen content was also

investigated and is discussed below in Section 4.2.2.

Table 4.1 Chemical composition by EDS (at. %) determined for the as-milled alloys. Standard Errors were
calculated from at least five replicates.

Loading

composition Si Fe O Si ( metals basis) Fe(metals basis)
Si 59.59 0.55 39.86 99.09+2.28 0.91+0.02
Sig;Fe; 50.68 3.68 45.64 93.22+ 1.88 6.78+0.16
S1y,Fel0 54.23 6.63 39.14 89.11+£0.49 10.894+ 0.05
Sig.Fe s 45.00 9.00 46.00 83.33+£0.39 16.67+0.13
Sig,Fe,, 4436 1244 43.19 78.10£0.76 21.90+£0.28
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Table 4.2 Compositions and measured densities of the as-milled alloys determined by EDS and LECO. Five
replicates were taken for density measurement.

As-milled Measured Densities
Initial composition

alloy composition (g/em?)
Si Si00 32 2.249+0.007
SigsFes SiFeo.0700.38 2.620+0.004
SigsoFeio SiFeo 120029 2.740+0.009
SigsFeis SiFeo 200039 3.242+0.006
Sig()Fezo SiFeo,2800,44 3.574+0.007
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Figure 4.1 Ternary composition diagram of the SiFe«Oy alloys prepared in this study, with intended iron
contents labelled.

4.2.1 Material Characterization
Figure 4.2 shows powder XRD patterns of ball milled SiFexOy. Peaks of known phases are

indicated. In the XRD pattern of SiOo.32, amorphous Si as well as some X-ray intensity from silicon
oxide are present [66]. In SiFeo.0700.38, 0-FeSiz (PDF: 00-089-2024) is formed, due to the reaction
between Si and Fe during ball milling. In SiFeo.1200.29 and SiFeo 200039 alloys, both a-FeSiz (PDF:
00-089-2024) and S-FeSiz (PDF: 00-071-0642) are produced during ball milling. Here a-FeSi is
the high temperature (>937 °C) stable phase of FeSi> and f-FeSi is thermodynamically stable
below 937 °C. However, when the iron content is further increased, the S-FeSi> phase becomes
the dominant phase and peaks from a-FeSi» phase almost disappear in the XRD pattern of
SiFeo.2800.44. The predominant formation of B-FeSi> was also found in ball milled SigssFeis prepared

by Cao et al. [4]. They explained that the ball milling process can introduce a high level of defects,
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which favours the formation of the disordered B-FeSix structure. However, the opposite dominating
phase was reported in Fe14Sigs, Fe20Sigo, Fe25sSi7s, and Fes3Sis7 prepared by a planetary ball milling
method [2]. It is not very clear what the exact milling conditions are for the preferred formation of
the two silicide phases. But different initial compositions, milling parameters, temperatures, and

grain sizes can result in very different phase distributions.
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Figure 4.2 XRD patterns of ball milled SiFe.Oy alloys.
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Figure 4.3 (a) Mdssbauer spectra of Si-Fe-O alloys. The data are shown in circles and overall fits are shown
in solid red lines. (b) Isomer shift relative to room temperature a-Fe for all spectra that were fit to a
distribution of doublets as a function of x in SiFe,O.

>"Fe Mossbauer experiments were conducted to provide more details of SiFexOy alloy
phase composition as a function of iron content. The resulting Mdssbauer spectra are shown in
Figure 4.3 The spectra show a quadrupole split doublet and were fit to one quadrupole site
distribution using a Voigt-based function. The quadrupole doublet shifts to lower velocity with
increasing Fe content, which indicates an increase in electron density at the Fe nucleus [55]. Figure
4.3(b) plots the isomer shift (d) as a function of iron content. The value of isomer shift decreases
from +0.199 mm/s to +0.106 mm/s with increasing Fe content. A previous study prepared a-FeSi>
and [-FeSi, by ball milling and arc-melting to study the parameters of each FeSi> phase [55]. The
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determined isomer shift for ball milled a-FeSiz> is 0.201 mm/s and 0.139 mm/s for B-FeSi> [55].
While some references reported the isomer shift of B-FeSi» is less than +0.100 mm/s and around
+0.260 mm/s for a-FeSi», measured from crystalline or thin films [169—171]. Nevertheless, B-FeSi
has a lower centre shift than o-FeSi» and therefore the presence of B-FeSi» will decrease the
observed centre shift. The decreasing trend in Figure 4.3(b) confirms the observations from XRD,
as iron content increases, f-FeSi» becomes the dominating phase. The isomer shift value for the
alloy with the highest iron content (SiFeo.2800.44) 1s only +0.106 mm/s, which is very close to
reported value for pure B-FeSiz phase.
4.2.2 Electrochemical Performance of SiFexOy, Alloys

Figure 4.4 shows the potential profiles and the corresponding differential capacity curves
(first three cycles) of SiFexOy alloys. The potential profiles demonstrate that the capacity becomes
reduced as x in SiFexOy increases from 0 to 0.28. The initial plateau at ~0.6 V during the first
lithiation is observed for all the SiFexOy alloys and disappears in the following cycles. A
corresponding high potential initial lithiation peak can be seen in the differential capacity curves.
As mentioned in Chapter 3, this high potential plateau is believed to be associated with the
irreversible formation of Li4SiO4 at oxygen defect sites. For SiOx, the capacity of this plateau has
been found to be directly related with the oxygen content (i.e. 1 Li per formula unit of O, according
to the formation of Li14Si104), while the potential of the plateau has been associated with the number
of defect oxygen sites [66,161]. The higher incidence of defects, e.g. due to ball milling, the higher
the potential of this plateau. After annealing to heal defects, the plateau potential becomes lower,
such that it merges with features in the potential profile associated with the lithiation of silicon
[161]. For simplicity, the plateau associated with the formation of Li4SiO4 will be referred to here

as the oxygen plateau.
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The behavior of the oxygen plateau for the potential profiles of the SiFexOy alloys shown
in Figure 4.4 are consistent with the observations in Chapter 3: the oxygen plateau was only
observed during the first lithiation and no corresponding peak was found in the subsequent
delithiation curves. If compared with the iron-free SiOg32 sample, the oxygen plateau seems to
appear at a higher potential when iron is present. The capacity of the oxygen plateau will be
discussed quantitatively below. Except for their oxygen plateaus, all SiFexOy alloys show very
similar features: two broad peaks during lithiation processes and two corresponding broad peaks
during delithiation, which are typical of amorphous Si [22]. In addition, no pronounced peaks were
observed at around 0.43 V during the delithiation of all samples, demonstrating good suppression

of Li;5Si4 formation.
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Figure 4.5 shows the capacities of the SiFexOy alloys plotted as a function of the iron
content. It was found that the observed first lithiation and delithiation capacities decreases as a
function of x in SiFexOy. As described in Chapter 3, the SiFe Oy alloys are composed of inactive
FeSi» phases, amorphous Si, and the silicon suboxide SiO;.5. During the first lithiation, Si0,-5 and
amorphous Si are the only active phases and the lithiation process is described in Equations 4.1
and 4.2. The products of these reactions are Li4SiO4 (corresponding to the reaction that occurs at
the oxygen plateau, the formation of this phase is irreversible at potentials below 1 V) and
amorphous lithiated silicon, which is assumed here to have the same composition as Lii5Sis (the

highest lithiated phase of silicon achievable at room temperature). The calculated capacities
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Figure 4.4 Potential and differential capacity curves of ball milled Si-Fe-O alloys at indicated compositions.

Red curves indicate the initial cycle differential capacity curves.




assumes that all Fe has reacted with Si to form inactive FeSi» during ball milling and all oxygen
has irreversibly reacted with Li and Si during the first lithiation to form Li4SiOs4, according to
Equations 4.1 and 4.2. During the first delithiation process, the amorphous a-Lii5Sis phase
becomes delithiated, to form amorphous Si, which is shown in Equation 4.3.

The theoretical capacities of the SiFexOy alloys were derived from the stoichiometries in
Equations 4.1-4.3, with the total lithium stoichiometry in Equations 4.1 and 4.2 (that is, y + 15(1-
2x-y/4)/4) representing the first lithiation capacity per SiFexOy formula unit and the lithium
stoichiometry in Equation 4.3 (15(1-2x-y/4)/4), being the reversible capacity per SiFexOy formula
unit. In actual measurements, the first lithiation is expected to be larger than the model, because
the formation of SEI will consume additional Li beyond the theoretical capacity. On the other
hand, the first delithiation is expected to be less than predicted by the model, due to loss of capacity
from disconnected particles or particle fracture. In Figure 4.5 the theoretical capacities as a
function of x for the SiFexOy alloys are shown in addition to the measured capacities. The
theoretical model is a good predictor of the initial lithiation and delithiation capacities. As
expected, the first lithiation capacities all exceed the theoretical value because of SEI formation.
The first delithiation capacities are all very close to their theoretical values, indicating good

reversibility.
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Figure 4.5 The observed and predicted capacities as a function of x of the SiFecQOy alloys prepared in this
study (error bars based on the standard error of 3-5 replicates).

As mentioned above, the oxygen plateau that occurs during the first lithiation of the as-
milled SiFexOy alloys seems appear at higher potential than the iron-free SiO¢32 sample, which
can be clearly seen in Figure 4.6. This suggests that the presence of Fe makes the formation of
Li14Si04 more thermodynamically favourable. The differential capacity peak associated with the
oxygen plateau for the SiFexOy (x > 0) alloys also have a larger area than the SiOo32 sample.
However, when the iron content, x, increases from 0.07 to 0.20, the oxygen plateau appears at the

same position and there is no significant difference in the peak areas (all differences within 1 %).
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The oxygen plateau peak shifts to a higher potential when x increases from 0.20 to 0.28, but again
the peak area is not significantly changed (areas within 1.2 % of each other).

Figure 4.7 shows the amount of oxygen in the SiFexOy alloys according to Equation 4.1 vs.
their Fe content, where y was obtained by measuring the area under the oxygen plateau peaks in
the differential capacity curves of Figure 4.6. For comparison, the oxygen content as obtained from
LECO analysis is also shown in the figure. The y values determined from the oxygen plateau
capacities are systematically lower than those determined by LECO analysis. This could indicate
that not all oxygen in the SiFexOy alloys has reacted with Li to form Li4SiO4 or that the area under
the initial lithiation curve does not represent all the capacity associated with the formation of
Li4Si104. According to Figure 4.7, there is a slight increase in the oxygen content as measured both
by LECO analysis and according to the oxygen plateau capacity. This may suggest that the addition

of Fe to Si increases oxygen uptake during the ball milling process.
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Figure 4.6 Potential and differential capacity curves of ball milled Si-Fe-O alloys at indicated compositions
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Figure 4.7 The dependence of the oxygen content (y) in SiFe, Oy alloys as a function of their iron content
(x), where y was determined both by LECO analysis (blue circles) and calculated based on the measured
oxygen plateau capacities and Equation 4.1(orange circles). Error bars based on the standard error of 3-5
replicates.

Figure 4.8 shows specific and volumetric capacities vs. cycle number of ball-milled
SiFexOy alloys. The iron-free SiOo.32 sample exhibits severe capacity fade, its reversible capacity
decreases from 2200 mAh/g to 1300 mAh/g after 100 cycles. With increasing iron content, the
initial reversible capacity decreases as the formation of inactive iron silicide. However, improved
cycling performance was obtained for alloys containing more iron. The increasing amount of
inactive FeSi» phases can further buffer the volume expansion of SiFexOy alloys, better
performance was therefore expected. The SiFeo.2000 .39 alloy has the best combined performance in

terms of high capacity and good capacity retention.
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Figure 4.8 Specific capacity versus cycle number of the cells shown in Figure 4.4, different compositions
are indicated in different colors.

Table 4.3 lists the volume expansion during the first lithiation, reversible volume
expansion, and the theoretical and measured reversible volumetric capacities of SiFexOy alloys.
The volume expansion during the first lithiation was calculated based on the stoichiometries in
Equations 4.1 and 4.2, using the measured densities listed in Table 4.3 for the alloys prior to
lithiation and assuming the density is 4.93 g/cm? for FeSi, [172] and 2.35 g/cm?® for LisSiO4[173].
During subsequent cycling, volume expansion/contraction is only due to the lithiation/delithiation
of the active Si phase. Therefore, the volume expansion/contraction that occurs during the first
delithiation and subsequent cycling is smaller than the first lithiation volume expansion. The
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smaller volume expansion that occurs during cycling will be referred to here as the "reversible
volume expansion." The reversible volume expansion determined from the measured second
lithiation capacity is also listed in Table 4.3. Figure 4.9 shows the measured reversible volumetric
capacity, the first volume expansion, and the reversible lithiation volume expansion of SiFexOy
alloys. Both volumetric capacity and volume expansion are reduced with increasing x, as expected.
The SiFeo.2000.39 alloy has a high reversible capacity of 1600 Ah/L with a relatively low volume
expansion of 132% for the first lithiation. The volume expansion of this alloy is expected to be
even lower after the second lithiation process, according to the calculations in Table 4.3.

Table 4.3 Theoretical first lithiation volume expansion, reversible volumetric capacity, reversible volume
expansion, and the reversible volumetric capacity of SiFe Oy alloys. Standard errors are calculated from 3-
5 replicates.

Reversible Theoretical

1t Lithiation Reversible
Lithiation Reversible

Alloy Volume Volumetric
Volume Volumetric

Composition Expansion Capacity
Expansion Capacity

(%) (mAh/cm?)
(%) (mAh/cm?)

SiOo.32 213 168 2000 (1.87 £0.03) x 10
SiFe0.0700.38 185 160 1853 (1.83 £0.03)x 10°
SiFe0.1200.29 163 154 1822 (1.82 £0.03) x 10°
SiFe0.2000.39 132 111 1552 (1.60 +0.03) x 10°
SiFe.2800.44 91 79 1224 (1.30 £ 0.09) x 10°
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Figure 4.9 Reversible volumetric capacity and first lithiation and reversible volume expansion of SiFe,Oy
alloys.

4.2.3 Cross-sectional SEM Images of Post-cycled Electrodes
Cross-sectional SEM images of cycled electrodes can provide useful information, such as

SEI growth, particle fracturing, loss of contact with current collector, and binder failure. SEM
image analysis can provide a quantitative measure of electrode porosity, active volume fraction,
active surface area, particle size distribution, and tortuosity [174]. Combined with corresponding

electrochemical performance, all this information can help interpret cell degradation mechanisms.
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Figure 4.10 shows a cross-sectional SEM image of a pristine SiFeo.2000.39 electrode. In this
image, the alloy particles appear as bright regions with sharp edges, black regions indicate
porosity, and dark grey regions represent conductive carbon and binder. Cross-sectional SEM
images of SiFexOy electrodes obtained after 100 cycles are shown in Figure 4.11. There are three
main features in the post-cycled electrodes: alloy particles shown as bright regions, grey regions
that correspond to a mixture of nano-sized fractured alloy and SEI, and black regions
corresponding to porosity. It was found that SiFe Oy electrodes have very different morphologies
after 100 cycles, depending on their composition. The SEM image of the SiOo 32 alloy electrode
after 100 cycles, shown in Figure 4.11(a), mostly comprises grey regions corresponding to SEI
and fractured alloy. Very little bulk alloy (white regions) remains. This indicates that this alloy has
undergone significant surface erosion (i.e. ~40 % of the alloy has been eroded) and particle fracture
during cycling. However, when comparing SiOo 32 to compositions with increasing x, shown in
Figures 4.11(a) to (e), there are more bright regions and less fractured alloy/SEI regions with
increasing x in SiFexOy. In particular, SiFeo.2800.44 alloy particles in Figure 4.11(e) still show clear
margins that are almost like pristine particles, with very little alloy surface erosion and SEI
formation. These images suggest that higher iron contents can benefit the structural integrity of
the cycled electrodes. This is consistent with the good cycling stability of the SiFeo2800.44 alloy
electrode shown in Figure 4.8. The improved structural integrity with increased Fe content occurs
either because the addition of Fe reduces alloy fracture, the addition of Fe reduces electrolyte
reactivity at the alloy surface, the addition of Fe reduces alloy volume expansion or some

combination of these factors.
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Figure 4.11 Cross-sectional SEM images of post cycled electrodes of (a) SiOo32 (b) SiFe0700338 (c)
SiFeo.1200.29 (d) SiFe.2000.39 (€) SiFe.2800.44.
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In order to quantify differences between the SiFexOy electrodes after 100 cycles, the SEM
images in Figure 4.11 were analyzed by Imagel software [175]. The main goal of this analysis is
to determine the area fraction of the bright alloy regions in each SEM image, which should roughly
correspond to the amount of unfractured alloy in the electrode. All images were first processed to
increase the image contrast, so that the processed images consisted of the white alloy fraction and
the black non-alloy (i.e. porosity, fractured alloy or SEI) fraction. Then optimized threshold values
were selected for each image to obtain the white alloy fraction. The reported vales are the means
of 3-5 selected regions. Figure 4.12 demonstrates the evolution of alloy fractions in each cycled
electrode as a function of iron content. As clearly shown in Figure 4.12, the alloy fraction in each
cycled electrode increases with x in SiFexOy, while the iron-rich composition SiFeo.230043 has a
significantly higher alloy fraction than other compositions. The increase in alloy fraction from
Si00.32 to SiFe0200039 is greater than a factor of 2.5. This indicates the possibility of huge
improvements in cycling stability for Fe additions to SiO compositions, which has implications
for commercial battery materials. Because the SiFeo.2000.39 alloy has a higher volumetric capacity
than the SiFeo2800.44 alloy after 100 cycles, while the cycling performance and capacity retention
are almost as good as the SiFe(.2800.44 alloy, SiFeo.2000.39 was selected as the standard composition

for the rest of the studies in this thesis.
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Figure 4.12 Alloy fractions of the electrodes shown in Figure 4.11 versus x in SiFe,Oy (error bars based on
the standard error of five replicates).

4.2.4 SiFey.2000.39 thermal stability and Comparisons with alloys prepared with different starting
materials

The most promising composition from the abovementioned studies, SiFeo.2000.39, were also
prepared by ball milling Si and Fe2O3 powders under argon atmosphere and ball milling Si, Si0>
and Fe under argon atmosphere. Figure 4.13 shows the resulting XRD patterns of the resulting
alloys. Also shown is an XRD of SiFe200039 prepared by ball milling Si and Fe in air for
comparison. The XRD patterns of the as-milled alloys prepared via different methods are almost
identical, amorphous Si, some X-ray intensity from silicon oxide, a-FeSi» phase and the dominant

p-FeSi, phase are present. These results are different than that obtained by Zhao et al., who
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prepared SixFeyO1.xy alloy by roller milling Si and Fe;O3 powders. In that case, the resulting XRD
patterns were very different and the f-FeSi, phase was not present [56]. This difference may result
from differences in milling impact energy between jar milling (low energy) and SPEX milling
(high energy). All SiFeo.2000.39 alloys were heated to high temperatures to investigate their thermal
behavior. Corresponding XRD patterns are also shown in Figure 4.13. For the 600°C annealed
samples, no significant differences in the XRD patterns can be observed between the 600°C
annealed alloys and the unheated alloys (all differences within 2 % of noise level). In the case of

the 800°C annealed samples, slight peak sharpening was observed for the f-FeSi> phase in all

alloys.
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Figure 4.13 XRD patterns of SiFeo2000.39 alloys prepared using three different starting materials.
In Figure 4.14, XRD patterns from 25 to 35° for the 800°C annealed alloys are compared
to capture any minor differences. It can be seen from these XRD patterns that the crystallization
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of B-FeSi, is more pronounced at 800°C for the alloy that was prepared by ball milling Si, SiO»
and Fe powders. Except for this, no other significant changes can be observed in the XRD patterns

(any differences within 2 % of noise level) for all alloys at all heat treatment temperatures.
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Figure 4.14 XRD patterns of 800°C annealed SiFeg 20 Oo .39 alloys prepared by different starting materials in
the range of 25-30°.

Alloys shown in Figure 4.13 were incorporated into Li cells to evaluate their
electrochemical performance. Figure 4.15 shows their potential profiles and corresponding
differential performance. All alloys prepared with the three different starting materials show very
similar features: a Li-O related high potential plateau during first lithiation and this plateau shifts
to a lower potential after the heat treatments; after the initial cycle, amorphous Si is the only active
phase and the potential profiles are typical of a-Si electrodes; all alloys showing good LiisSi4

suppression, even after high temperature processing.
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Figure 4.15 Potential and corresponding differential capacity curves (first 3 cycles) of SiFeg20 Q039 alloys
shown in Figure 4.13.
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Cycling performance of the SiFeo.20 Oo.39 alloys prepared with different starting materials
as milled and after heating is shown in Figure 4.16. The as-milled SiFeo20 Oo.39 alloys prepared by
the SiFe/air and Si+Fe>Os/Ar methods show very good cycling performance, with the reversible
capacity almost unchanged after 50 cycles. However, the as-milled alloy prepared by the
Si+Si0,+Fe method shows some capacity fade, the capacity retention after 50 cycles being about
10% lower than the other two methods Figure 4.17 shows the coulombic efficiencies of the SiFeo.20
Oo.39 alloys that prepared by different starting materials. The Si+SiO>+Fe method represented by
red dots also show unstable CE performance, variations exist in its CE values, indicating either
poor maintenance of particle electrical contact or unstable parasitic electrolyte decomposition
reactions. The coulombic efficiencies for the other two methods are much more stable. Although
the Si+Fe;O3 method shows good cycling and CE performance for the as-milled sample, the
thermal stability is not as good as the SiFe/air method, more capacity fade was observed for both
the 600°C and 800°C annealed samples. Severe capacity fade was also observed for the sample
made with Si+SiOz+Fe precursors. In summary, the SiFeo.20 Oo.39 alloy prepared by the SiFe/air
method has the best cycling performance and thermal stability. This makes it the best candidate
to be incorporated in composite alloy particles whose synthesis requires high temperature

processing.
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Figure 4.17 Coulombic efficiency of SiFeo20 Oo.39 alloys prepared by different methods.
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4.3 Conclusion

The electrochemistry of ball milled SiFexOy alloys was investigated as a function of iron
content. It was found that increasing iron content decreases the specific capacity because of the
formation of inactive iron silicide phases. However, increasing iron content helps improve cycling
stability. In addition, the increased iron content helps protect electrode structural integrity during
cycling. The most promising composition was then prepared by different starting materials. It was
found that the air milling method has the best combination of microstructure, thermally stability,
and cycling performance. This chapter provides more details about the promising composition
from the Si-Fe-O alloy series and further confirms the results discussed on Chapter 3. The studies
on Chapter 3 and Chapter 4 provide the most promising Si-Fe-O alloy candidate for further
optimization such as carbon coating and making composite materials. The following two chapters

will focus on the optimization methods to prepare Si-Fe-O alloy-based composite materials.
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CHAPTER 5 PRELIMINARY INVESTIGATION OF SiFeo.2000.39/C
COMPOSITES FOR USE IN PRACTICAL Li-ION BATTERY ANODES

5.1 Introduction

This chapter will describe a study whose goal is to take advantage of the high thermal
stability of Si-Fe-O alloys in making practical carbon-coated Si-alloys. Carbon coating, as a
surface modification strategy, helping stabilize the SEI layer of Si-based alloys. The introduction
of C can further buffer the volume expansion and improve the electrical conductivity of Si-based
alloy materials [123]. Many studies have reported that nanostructured Si/C and SiO,/C materials
demonstrate excellent electrochemical performance [16][40][176][177][178]. Carbon coating is
commonly realized by methods such as CVD [84], pyrolysis [179], hydrothermal [180], and dry
coating [53] [133]. It is noted that most of these methods require high-temperature processing (>
600°C). This is incompatible with most nanocrystalline Si-transition metal alloy negative electrode
materials, since such alloys typically crystallize at 600°C. In contrast, as discussed in Chapter 3,
ball milled Si-Fe-O alloys exhibit excellent thermal stability even after annealing to 800°C, which
makes them compatible with carbon coating processing temperatures.

In addition to carbon coating, as described in Chapter 1, blending Si-based alloys with
graphite to make a composite material is a very promising solution to alleviate the volume
expansion issue as well as to achieve improved cycling performance. Indeed, SiOx/graphite
composites are commercially available from BTR China with capacity of 500-600 mAh/g and high
capacity retention over hundreds of cycles [68]. It is also revealed that SiOx/graphite materials are
already utilized in batteries for Tesla electric vehicles [69]. Although anode capacities could be
improved to 600-800 mAh g ! with excellent cycling performance by making Si-based/graphite
composites, the amount of active Si-based materials is normally low in order to minimize

modifications to the electrolyte or other cell components in practical applications [71][180].
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Another goal of this study was to evaluate the performance of Si-Fe-O alloy/graphite composite
materials and explore an appropriate alloy/graphite ratio for increased energy density while
maintaining good cycle life.
5.2 SiFe0.2000.39/C(PVC) Composites

Carbon coating of SiFeo200039 alloys was attempted by blending them with PVC and
heating under inert gas to produce SiFeo2000.39 alloy-carbon composite materials, which will be
referred to here as SiFeo.200039/C(PVC,T) composites, where T is the heating temperaure. The
SiFe0.200039 composition was chosen because of its high thermal stability, stable cycling
performance and moderate volumetric capacity. Polyvinylchloride (PVC) can be carbonized in its
liquid phase during heat treatment. The pyrolysis of PVC normally takes place in two steps: (1)
the pyrolysis of polyvinylchloride to polyene with elimination of HCI at 200-350°C and (2)
carbonization with evolution of hydrocarbons when heating at 350-550°C [181]. The pyrolysis of
PVC has successfully been used for the carbon-coating of ceramic particles such as Al203, TiO:
and MgO by mixing ceramic powders with polyvinylchloride powders and heating at 1000°C in
an inert atmosphere. It was reported that the PVC pitch formed at 400—450°C can coat the target
particles and that this layer will undergo further carbonization at higher temperatures (>500°C) to
form carbon-coated particles. A coating with uniform and adhesive carbonaceous layers was
achieved in oxide particles by this method [182].

In the present study, 0.5g of the as-milled SiFeo.2000.39 alloy was mixed with 0.7 g PVC in
a planetary mill for one hour. The powder mixture was firstly heated to 280°C in an Ar flow for
0.5 h to eliminate the HCI, the temperature was then further raised to 450°C and maintained for

0.5 hour and finally heated to a higher temperature (700, 800 and 900°C) and kept at this
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temperature for 3 hours to complete the carbonization process. The reaction products were
identified by XRD and observed using SEM.

Figure 5.1 shows the XRD patterns of the resulting SiFeo.200039/C(PVC) materials, with
the XRD pattern of the as-milled SiFe 200039 alloy and SiFe 200039 alloy heated at 800°C in argon
shown for comparison. In the region of 20-30°, some intensity from amorphous carbon can be
observed for all SiFeo200039/C(PVC) samples. The SiFeo200039/C(PVC,700°C) and
SiFe0.2000.39/C(PVC,800°C) composites have very similar XRD patterns as the 800°C heated neat
SiFeo.2000.39 alloy, which only presents slight crystallization of f-FeSi, and no crystallization of
a-Si occurred as compared to the unheated SiFeo2000.39 alloy. In addition, some increased intensity
was observed for the -FeSi, phase while the intensity of the a- FeSi, phase decreases as the
heating temperature increases. This was very obvious for SiFeo.2000.39/C(PVC,900°C), as almost
no intensity from a-FeSi> can be observed in its XRD pattern. This indicates that the high
temperature a-FeSi, phase transformed into the thermally stable phase f-FeSi> phase (< 937°C)
during heating. The crystallization of a-Si occurred at this high temperature (900°C), as is evident
by a shoulder at around 28° in the XRD pattern. Because the crystallization of a-Si is normally
accompanied with capacity fade, the corresponding electrochemical performance for this sample
is not expected to be as good as the SiFe0200039/C(PVC,700°C) and/or the
SiFe0.200039/C(PVC,800°C) samples.

Figure 5.2 shows SEM images of SiFeo.200039/C(PVC) composites. The expected
morphology with a thin and uniform carbon coating on the alloy surface was not obtained by
heating the alloy/PVC mixture. In Figure 5.2(a), the overall morphology of the resulting material
was very similar to that of the neat SiFeo.2000.39 alloy particles shown in Figure 3.6, while in some

regions shown in Figure 5.2(b), the micron sized SiFeo.2000.39 alloy particles appeared to be coated
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onto larger carbon particles (as identified by point element analysis by EDS). Therefore, instead
of being uniformly coated, the prepared SiFeo2000.39/C(PVC) materials appear to be a composite
of SiFeo2000.39 alloy and carbon particles, where there appears to be good mechanical contact
between the two. Nevertheless, the SEM images in Figure 5.2 do not establish whether the small
SiFeo.2000.39 alloy particles are carbon coated or not. Further studies (e.g. by TEM) would be

needed to confirm this.

—— SiFe,,,0,,, alloy

—— 800°C heated SiFe,,,0, ,, alloy
—— SiFe,,,0,,,/C(PVC,700°C)
—— SiFe, ,,0,,/C(PVC,800°C)
—— SiFe, ,,0,,/C(PVC,900°C)

— a-FeSi,
B-FeSi,

LOG INTENSITY

20 40 60 80
SCATTERING ANGLE (DEGREES)

Figure 5.1 XRD patterns of the as-milled SiFeo200039 alloy, 800°C heated SiFeo200039 alloy and
SiFe(.2000.39/C(PVC) composites.
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10 pm

Figure 5.2 SEM images of SiFeo.2000.39/C(PVC,800°C).

Figure 5.3 shows the differential capacity curves of SiFeo.200039/C(PVC) composites, as
well as those of the as-milled and 800°C heated SiFeo.2000.39 alloys shown for comparison. It was
found that the SiFeo2000.39 alloy is remarkably thermally stable during the SiFeo.2000.39/C(PVC)
synthesis process. There is no pronounced peak at 0.45 V in the differential capacity curve of
SiFe0.200039/C(PVC,700°C), even after 50 cycles, suggesting only small cr-LiisSis formation
occurring. It is noted that in the differential capacity curves of the 800°C heated SiFeo.2000.39 alloy
and SiFeo.2000.39/C(PVC,800°C), the two broad lithiation peaks shift toward higher potential after
50 cycles. The Li;5Si4 phase is suppressed due to compressive stress from the inactive phases in
the early stage of cycling. As the lithiation peaks shift to higher potential as cycling proceeds, this
compressive stress towards active Si phase decreases and a peak at 0.45 V starts to form, indicating
cr-Li15S1s formation. This phenomenon was previously discussed in Reference [127].When the
heating temperature of the SiFeo 200039 alloy/PVC mixture was increased to 900°C, the resulting
SiFe0.2000.39/C(PVC,900°C) composite shows a peak at 0.45 V in its differential capacity curve
even at the initial cycle, which is consistent with the observation of Si crystallization in the XRD

pattern. It is likely that 700°C is a moderate treatment temperature to enable longer term cycling
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among the SiFeo200039 alloy/C composites, as evident by good LiisSis suppression of

SiFe0.2000.39/C(PVC,700°C) and little changes in its differential capacity curve after 50 cycles.
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Figure 5.3 Differential curves of as-milled SiFeo 200039 alloy, 800°C heated SiFe2000.39 alloy, and
SiFe.2000.3o/C(PVC) composites prepared at the indicated temperatures.

Figure 5.4(a) and (b) show the cycling performance of the as-milled SiFeo.2000.39 alloy, the
800°C heated SiFe0200039 alloy and SiFe.200039/C(PVC) composites prepared at different
temperatures. The as-milled SiFeo 200039 alloy has the highest reversible capacity in Figure 5.4(a),
while the 800°C heated SiFeo200039 alloy has a lower capacity. This is likely due to the
disproportionation of Si-O species to Si and inactive SiO3, isolating some of the active Si towards
lithiation, as discussed in Chapter 3. While the capacity reduction in SiFep200039/C(PVC)

composites are due to the introduction of C. However, SiFeo2000.39/C(PVC,700°C) and
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SiFe0.2000.39/C(PVC,800°C) show improved capacity retention as compared to the 800°C heated
SiFe0.2000.39 alloy. The SiFe200039/C(PVC,900°C) has a larger capacity fade when compared
with SiFeo.200039/C(PVC,700°C) and SiFeo2000.39/C(PVC,800°C). However, it still has higher
capacity retention than the 800°C heated SiFeo2000.39 alloy in the assessed 50 cycles (Figure
5.4(b). In Figure 5.4(c), both SiFe.200039/C(PVC,700°C) and SiFeo.2000.39/C(PVC,800°C) show
higher CE values than the as-milled and 800°C heated SiFeo2000.39 alloys. Although improved
cycling  performance was obtained for the  SiFe9200039/C(PVC,700°C)  and
SiFe0.200039/C(PVC,800°C) materials, alternative carbon coating methods are still required to

achieve the desirable thin and uniform carbon coatings.
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Figure 5.4 (a-b) Cycling performance and (c) coulombic efficiencies of the as-milled SiFeo.2000.39 alloy,
800°C heated SiFe200039 alloy and the SiFe20003/C(PVC) composites prepared at the indicated
temperatures.
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5.3 SiFeo.2000.39/graphite Composite Particles

As a preliminary study of making SiFeo2000.39/graphite composite particles, as-milled
SiFeo.2000.39 alloys were mixed with graphite (SFG6L, Timcal) and phenolic resin (PR, resole
phenol-formaldehyde resin, having phenol to formaldehyde ratio of 1.5-2.1/1, catalyzed with 2.5
percent potassium hydroxide, ~75% solution in water, 3M Co.) with excess N-methyl
pyrrolidinone (NMP, Sigma Aldrich, anhydrous 99.5%) in planetary mill and air dried. The
phenolic resin was diluted with NMP to make a 20% by weight solution before mixing with the
SiFe.200039 alloys and graphite. Three composite formulations were used, which are listed in
Table 5.1. Volumetric quantities were calculated based on the densities of the unheated precursors,
SiFe2000.39 (3.24 g/cm?), graphite (2.26 g/cm?) and PR (1.1 g/cm?). The dried mixture was heated
under Ar at 300°C for 3h. The 300°C annealed mixture was ground and sieved (<53 pm), annealed
at 600°C for another 3 hours, and then ground and sieved (<53 pm) again. In these particles,
carbonized PR acted as a binder to hold the SiFeo.2000.39/graphite composite particles together.
These SiFeo.2000.39/graphite composites will be referred to here by their alloy/graphite/PR weight
ratios prior to the heating step: e.g. as (30/59/19). In this notation (100/0/0) refers to neat
SiFe0.2000.39 alloy heated under the same conditions as the SiFeo2000.39/graphite composites and
(0/62/23) refers to a 62/23 by weight mixture of graphite and PR also heated under the same

conditions as the SiFeo.2000.39/graphite composites.
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Table 5.1 Initial compositions in weight percent of the SiFe2000.30/graphite composites discussed in
Section 5.4. Compositions in volume percent are given in brackets.

Composition SiFe0.2000.39 Graphite PR
15 62 23
1
(€)) (1) (40)
30 51 19
2
(19) (46) (35)
50 38 12
3
(36) (39) (25)

Figure 5.5 shows the XRD patterns of the SiFe.200039/graphite composite materials, as
well as the XRD patterns of (100/0/0) and (0/62/23) for comparison. Compared to (100/0/0), some
new peaks are present after making the SiFeo.2000.39/graphite composites, which can be assigned
as peaks from graphite and other unidentified impurities, presumably from the phenolic resin, since
such peaks are also present in the XRD pattern of (0/62/23). No significant crystallization (any
peak intensity increase greater than 10% ) of both phases of FeSi, can be observed in the XRD

patterns of all composite materials
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Figure 5.5 XRD patterns of SiFeo200030/graphite composite electrodes with SiFeq2000.39/graphite/PR
weight ratios as indicated.

Figure 5.6 shows SEM images of the (15/62/23) composite. Figure 5.6(a) shows the overall
morphology of the resulting composite, which consists of small aggregates of the flake graphite
and alloy, where carbonized PR may act as a glue to bind the individual alloy and graphite
particles. Figure 5.6 (b) and (c) show secondary electron and back-scattered electron SEM images
of the same region at a higher magnification. In Figure 5.6 (b), very little SiFeo2000.39 alloy
particles can be observed from the surface of composite particle. This could indicate that the
SiFeo.2000.39 alloy particles have been successfully embedded inside the composite aggregates. The

corresponding BSE image also supports this observation, the bright alloy particles seem to have
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different shades in Figure 5.6 (c), indicating that they are embedded below the particle surface.
For example, the isolated alloy particles are white and bright, while many of the alloy particles
associated with the alloy/graphite aggregates are grey in color, due to their being embedded within
the particle. Figure 5.6 (d) shows the cross-section of an (15/62/23) electrode coating. After the
process of making electrode coatings, the presence of such aggregates is not obvious. Therefore,
it is not known if the small aggregates shown in Figure 5.6 (a) and (b) have broken apart during
electrode slurry preparation in the planetary mill. This should be determined in the future by, for

example, dissolving the electrode binder in water and examining the solids by SEM.

Figure 5.6 (a,b) Secondary SEM images and (¢) back-scattered SEM image of the (15/62/23) composite.
(d) Cross-sectional SEM image of a (15/62/23) composite electrode.
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Figure 5.7 shows SEM images of (30/51/19) composite powder and a (31/51/19) electrode
cross section. The overall morphology of the (31/51/19) composite is shown in Figure 5.7 (a). A
wide size range of aggregates was observed for this formulation, but much of this sample
comprised smaller aggregates than the (15/62/23) composite. Figure 5.7 (¢)-(d) and (e)-(f) show
SEM images of selected aggregates in the (31/51/19) sample. For large aggregates shown in Figure
5.7 (c)-(d), the graphite flakes were well-mixed with the SiFeo.2000.39 alloy particles and some alloy
particles were covered by the graphite flakes on the surface of the aggregates. In contrast, more
alloy particles are exposed on the surface in Figure 5.7 (e)-(f). Figure 5.7 (b) shows the cross-
sectional SEM image of a (30/51/19) electrode. This electrode was made by mixing the 30/51/19
SiFe0.2000.39/graphite PR composite with carbon black and LiPAA in a volumetric ratio of 70/5/25
for 10 min using a 1" diameter Cowles blade at 5000 rpm, and then spread onto copper foil with a
0.004" coating bar. This high sheer mixing method may not disturb the aggregates during the
slurry-making process. As a result, some of the SiFeo.2000.39 alloy particles in Figure 5.7 (b) seem
to be well-surrounded by the graphite under the function of PR binder. However, it is hard to tell
differences between the two electrodes that are prepared with planetary mill (Figure 5.6 (d)) and

high sheer mixer (Figure 5.7 (b)) in terms of the preservation of aggregates.
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Figure 5.7 (a) SEM image of (30/51/19) composite powder. (b) Cross-sectional SEM image of a (30/51/19)
composite electrode. (¢)-(d) and (e)-(f) Secondary and back-scattered SEM images, respectively, of selected
regions of a (30/51/19) powder sample.
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Figure 5.8 Potential profiles and corresponding differential capacity curves of SiFe200039/graphite
composite electrodes, initial cycles are shown in red in the differential capacity curves.

Figure 5.8 shows the potential profiles and the corresponding differential capacity curves
of SiFe20039 alloy/graphite/PR composites, with the electrochemical performance of the neat as-
milled and 600°C heated SiFe20O39 alloys shown for comparison. As the alloy content increases
from (15/65/23) to (50/38/12), the reversible capacity increases and the potential profiles more
resemble that of a pure alloy. In addition, all alloy/graphite composite materials show good Lii5Si4

suppression even after the high temperature treatment at 600 °C.
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Figure 5.9 and 5.10 show the cycling performance in FEC containing and FEC-free
electrolyte, respectively, of the three composite materials with different alloy contents, as well as
the neat SiFeo.2000.39 alloy for reference. In panel (a) of these figures the capacity vs. cycle number
is shown. In panel (b) the capacity retention as a percentage of the second lithiation capacity is
shown. All three composite materials show very stable cycling, with a capacity retention greater
than 95% even after 100 cycles when FEC-containing electrolyte was used. In contrast, the
capacity retention of the neat SiFeo2000.39 alloy is about 85% of its initial reversible capacity after
100 cycles. When FEC-free electrolyte is used, the neat SiFeo.2000.39 electrode suffers from severe
capacity fade after 20 cycles. In contrast, the composite materials still show very stable cycling for
100 cycles. The capacity retention of the composite electrodes only decreases from ~95% to ~85%

when FEC is not used, which is impressive.
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Figure 5.9 (a) Specific capacity and (b) capacity retention versus cycle number of SiFe(2000.39 /graphite
composite electrodes cycling in 1 M LiPFg in FEC: EC: DEC=1:3:6 electrolyte.
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Figure 5.10 (a) Specific capacity and (b) capacity retention versus cycle number of SiFeg 2000 30/graphite/PR
composites, prepared in three alloy/graphite/PR weight ratios, as indicated in figures, with the cycling
performance of neat SiFeo 200030 for comparison. All electrodes were cycled in 1 M LiPFs in EC: DEC=1:2
electrolyte.

According to Figure 5.8, the delithiation of the SiFeo.2000.39 alloy and graphite components
of the SiFeo2000.39/graphite/PR composites occurs over different potential ranges. Above 0.18 V,
graphite has no delithiation capacity, while the alloy still has considerable capacity. The amount
of SiFeo.200039 alloy capacity above 0.18 V was determined to be 96 % of its total capacity.
Therefore, from the delithiation capacity of the SiFeo2000.39/graphite composites above 0.18 V,
the total alloy capacity could be determined. The graphite contribution to the capacity could then
be found by subtracting the alloy capacity from the total capacity. The alloy capacity as a function
of cycle number was then calculated by subtracting the graphite capacity from the capacity of each
cycle (i.e. it was assumed that the graphite portion of the electrode has zero fade). This allows
quantitative comparison of the alloy cycling performance in the environments of being

incorporated into different composites and in the environment of a conventional electrode coating.
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Figure 5.11 shows the calculated capacity of SiFeo2000.39 alloy in different SiFeo2000.39
/graphite composites as a function of cycle number cycled in FEC-containing (Figure 5.11 (a)) and
FEC-free (Figure 5.11 (b)) electrolytes, with the neat SiFeo.2000.39 alloy electrode for comparison.
When cycled in FEC-containing electrolyte, the SiFe.2000.39 alloy in all SiFe.2000.39 /graphite
composite electrodes have very good capacity retention, with little capacity loss even after 100
cycles. This capacity retention is better than the neat SiFeo 200039 alloy, which loses about 30% of
its capacity in 100 cycles. When FEC-free electrolyte is used, the SiFeo2000.39 alloy suffers from
capacity fade in all electrodes. However, the SiFeo2000.39 alloy in all alloy/graphite electrodes have
a significantly lower fade rate than that of the neat SiFeo.2000.39 electrode cycled in FEC-free
electrolyte (i.e. all electrodes show about 20% higher capacity retention after 50 cycles than the
neat SiFeo.2000.39 electrode). Therefore, the cycling performance of the SiFe200039 alloy is
significantly improved in an alloy/graphite composite, even without the use of FEC in the
electrolyte. The composite structure of the SiFeo 200039 /graphite materials likely either protects
the alloy from contact with electrolyte, better maintains electrical contact with the alloy, or both.
However, it is noted in Figure 5.11(b) that the calculated capacity of SiFeo.2000.39 alloy decreases
as the alloy content decreases in the composite when composite electrodes were cycled in FEC-
free electrolyte. This may result from the impedance growth during cycling. Although the cycling
protocol was C/10 for all electrodes, alloys in in the composite such as 15/62/23 were cycled at

about C/2 for this composition above 0.4 V, this may cause the reduced capacity.
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Figure 5.11 Capacity of SiFe(2000.39 alloy in SiFeo 2000 .3¢/graphite composite electrodes cycled in different
electrolytes: (a) 1 M LiPF¢ in FEC: EC: DEC=1:3:6 electrolyte (b) 1 M LiPFs in EC: DEC=1:2 electrolyte.

Figure 5.12 shows the cross-sectional SEM images of the post-cycled electrodes of the
(100/0/0) (30/51/19), and (50/38/12) electrodes after 100 cycles. The morphologies of the
SiFe02000.39 alloy particles are very similar in all of the electrodes, where the erosion of alloy
particle surface is all about the same extent. The alloy particle in Figure 5.12 is fracturing at the
surface and are surrounded by some grey areas which possibly due to electrolyte decomposition
products. This may indicate that even though improved cycling stability was achieved for this
method of making a composite material, this method of making composite material still cannot
efficiently suppress the reaction between alloy particles and electrolyte and/or reduce alloy fracture
upon repeated lithiation/delithiation. The improvement in cycling performance of the alloy in the
alloy/graphite composites is likely mainly due to improved electrical contact by the graphite
matrix. However, the reaction with electrolyte needs to be confirmed by compositional analysis

(e.g. EDS) that can detect if any electrolyte components (e.g. P or F) are present within the cycled

particles.
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Figure 5.12 Cross sectional SEM images of (a) (100/0/0), (b) (30/51/19), and (¢) (50/38/12) electrodes after
100 cycles in 1 M LiPF¢ in FEC: EC: DEC=1:3:6 electrolyte.

In addition, it was found that the good cycling performance of the composite materials is
also associated with the choice of alloy. Figure 5.13 shows the cycling performance of
alloy/graphite composite materials that were prepared using the same method and
alloy/graphite/PR ratio (30/51/19 by weight), but with different alloys: the SiFeo2000.39 alloy, ball
milled SigsFeis alloy and V7 alloy (a previously commercially available Si-based alloy from 3M
Company). The SigsFeis/graphite composite shows the highest reversible capacity due to the high
content of active Si. However, it has a higher rate of capacity fade than the SiFe2000.39/graphite
composite. The V7 alloy composite has a relative low capacity, and the capacity retention is lower
than the rest two composite materials in the assessed 100 cycles. Among the three composite
materials, the SiFeo2000.39/graphite composite has the best performance in terms of capacity

retention and cycling stability.
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Figure 5.13 (a) Specific capacity and (b) capacity retention of initial delithiation capacity versus cycle
number of different Si alloy/graphite composite electrodes cycled in FEC-containing electrolyte. Here, all
alloy/graphite composites were prepared in the same formulation (30/51/19), but with different alloys
(SigsFess alloy, V7 alloy and SiFeo 200039 alloy), as indicated.

The good performance of the SiFeo.2000.39/graphite composite is even more significant
when the composite materials were tested in FEC-free electrolyte, as shown in Figure 5.14. The
SigsFejs/graphite composite shows the highest initial reversible capacity due to its higher content
of active Si. However, after 100 cycles, its capacity retention is only 67%, with a capacity lower
than the SiFeo2000.39/graphite composite electrode. The V7 alloy/graphite composite electrode has
a very close capacity to the SiFe2000.39/graphite composite electrode for the first 20 cycles, but
after 20 cycles, it shows an increased capacity fade. In comparison, the SiFeo.2000.39/graphite
composite electrode has good capacity retention even when no-FEC additive is present in the

electrolyte.
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Figure 5.14 (a) Specific capacity and (b) capacity retention of initial delithiation capacity versus cycle
number of different Si alloy/graphite composite electrodes cycled in FEC-free electrolyte. Here, all
alloy/graphite composites were prepared in the same formulation (30/51/19), but with different alloys
(SigsFess alloy, V7 alloy and SiFeg 200039 alloy), as indicated.

Cross-sectional SEM images of the post-cycled alloy/graphite electrodes made with
different Si alloy types with the same 30/51/19 initial alloy/graphite/PR weight ratio are shown in
Figure 5.15 (a-c). Severe alloy fracture is observed in the SigsFeis/graphite composite electrode
(Figure 5.15 (b)) after cycling, the total bright area associated with the alloy in this SEM image is
less than the SiFeo200039/graphite composite in Figure 5.15 (a). The alloy fracture in
SigsFeis/graphite composite (Figure 5.15 (b)) can be a result of the heating process when making
this composite material, as the 600°C heating temperature will cause the crystallization of a-Si in
the SigsFeis alloy. It is noted that SiFeo2000.39 alloy particles that are well-surrounded by graphite
flakes tend to have better structural integrity after 100 cycles than the other SiFeo2000.39 alloy
particles in the SiFeo2000.39/graphite composite electrode. The electrode morphology in the post-

cycled V7 alloy/graphite composite electrode (Figure 5.15 (c)) is quite different from the

SiFe0.2000.39/graphite and SigsFeis/graphite composite electrodes. Some large V7 alloy particles
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were present in the V7 alloy/graphite/PR composite electrode (Figure 5.15 (¢)), the presence of
larger alloy particles could reduce the capability of the PR to bind the alloy/graphite composite.
Therefore, the SiFeo.2000.39 alloy with its good thermal stability and appropriate particle size has

advantages over the other two alloys in alloy/graphite composite performance.

Figure 5.15 Cross-sectional SEM images of post-cycled electrodes of (a) SiFeo2000.39/graphite, (b)
SigsFeis/graphite, and (c) V7 alloy/graphite all having the same initial (30/51/19) formulation and cycled in
FEC-containing electrolyte for 100 cycles.
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A comparison study was conducted to learn if this method of making composite particles
resulted in better electrode performance than just blending the alloy with a pyrolyzed graphite/PR
composite. The composite materials just discussed were prepared by annealing the alloy, graphite,
and phenolic resin together under Ar flow. A SiFe(200039 alloy mixture with pyrolyzed
graphite/PR composite was prepared by heating separately. The resulting powders were simply
mixed by hand as a final step and this final mixture will be referred to here as (50//38/12). Figure
5.16 shows SEM images of (50/38/12) and (50//38/12) electrode cross sections. No significant
difference can be observed in terms of the electrode morphology. The bright alloy particles are

evenly  distributed in a  flake  graphite  matrix in  both  electrodes.

(a) (b)

Figure 5.16 Cross-sectional SEM images of (a) (50/38/12) electrode and (b) (50//38/12) electrodes.

The (50/38/12) and (50//38/12) electrodes were incorporated in coin cells and cells were
prepared with two different formulations of electrolyte (FEC-containing and FEC-free). During
the first three cycles, the (50/38/12) and (50//38/12) electrodes show very similar potential profiles
in both electrolyte formulations. Differences were observed between the (50/38/12) and (50//38/12)
electrodes in terms of cycling performance. Figure 5.17(a) shows the specific capacity versus

cycling number of the (50/38/12) and (50//38/12) electrodes, both cycled in FEC-containing and
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FEC-free electrolytes. Figure 5.17(b) shows the capacity retention versus cycling number for
electrodes in Figure 5.17(a). Both the (50/38/12) and (50//38/12) electrodes have a very close
reversible capacity to the theoretical capacity (calculated based on the measured capacity of neat
SiFeo.2000.39 alloy and theoretical capacity of graphite). In terms of cycling stability, the composite
electrode has significant advantages over the mixture electrode, both in FEC-containing and FEC-
free electrolytes. For example, after 100 cycles, the mixture electrode cycled in FEC-free
electrolyte can only retain ~61% of its initial reversible capacity while this value is ~83% for the

composite electrode.
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Figure 5.17 (a) Specific capacity and (b) capacity retention versus cycle number of the (50/38/12) and
(50//38/12) electrodes, cycled in FEC-containing and FEC-free electrolytes.

Differences between the two electrodes can be clearly identified from the cross-sectional
SEM images of the post-cycled electrodes. When FEC-containing electrolyte is used, there are no
obvious differences between the two electrodes. The alloy fracturing pattern in the (50/38/12) and

(50//38/12) electrodes are both very similar to that of cycled neat SiFeo200039 alloy (Figure

130



4.10(d)). However, when FEC is not used, most of the bulk alloy regions are still present for the
(50/38/12) composite electrode, corresponding to the bright white regions in the image. In contrast,
the (50//38/12) mixture electrode (Figure 5.18 (d)) only contains very small regions where bulk
alloy particles still exist. The vast majority of the electrode being made up of graphite and a mixture
of SEI and fractured alloy, which indicates excessive SEI formation and severe alloy fracture. This
is also consistent with the severe capacity fade observed in the (50//38/12) electrode in Figure 5.17
(b). These findings show that the composite 50/38/12 material structure can inhibit alloy reactivity

with the electrolyte, resulting in improved cycling performance.

Figure 5.18 Cross-sectional SEM images of post-cycled (a) (50/38/12) and(b) (50//38/12) electrodes cycled
in FEC-containing electrolyte, and (c) (50/38/12) and (d) (50//38/12) electrodes cycled in FEC-free
electrolyte.
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5.4 Conclusion

Taking advantage of the high thermal stability and good cycling properties of SiFe.2000.39
alloy, some preliminary investigations were made of SiFeo200039/C composite materials were
undertaken. It was shown that the SiFe200039 alloy can withstand high temperature processing
when annealed with PVC at temperatures as high as 800°C. The resulting SiFeo2000.39/C materials
have improved cycling stability and this good cycling performance are maintained even in FEC-
free electrolyte.

SiFeo.2000.39/graphite composites were prepared by annealing a mixture of SiFe2000.39
alloy, graphite, and phenolic resin at 600°C. The SiFeo.2000.39/graphite composites show excellent
cycling stability, with a capacity retention above 95% over 100 cycles. The SiFeo.2000.39/graphite
composites made here also show excellent cycling performance when the electrolyte additive FEC
is not used. This chapter provides some fundamental understanding in making alloy composite
materials, the effect of the alloy to graphite ratio, the thermal stability of the alloy and size
compatibility between the alloy and graphite on electrode performance. In addition, it was shown
that the use of FEC-free electrolyte can help further differentiate the performance of electrode
materials. The work in this chapter will help further optimizations of the SiFeo.2000.39/graphite

composite material towards a practical battery material, which will be discussed in Chapter 6.
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CHAPTER 6 ENGINEERED SiFeo.200039/GRAPHITE/C COMPOSITE
MATERIALS

6.1 Introduction

Mechanofusion (MF) is a processing method in which small particles can be embedded
into larger particles. Past work from the Obrovac group has shown that submicron Si can be
embedded into ~10 pum spherical natural graphite particles by MF [90]. The resulting particles are
then carbon coated to stop electrolyte infiltration. This results in improved alloy cycling, since the
alloy is protected from exposure to the electrolyte. SiFeo2000.39 particles synthesized in this study
are ideal for this purpose, since they have primary particle sizes of ~0.5 um, which can be
embedded into ~10 um graphite particles without changing their morphology. In addition, as
demonstrated in Chapter 5, the SiFeo2000.39 alloy can retain its nanostructured Si phase and good
cycling characteristics even when heated to CVD processing temperatures (~800 °C). The goal of
this chapter is to create SiFeo.2000.39/graphite composite particles by mechanofusion, in which
SiFe0.2000.39 particles are embedded within graphite particles, and subsequently carbon-coating the
composite particles to eliminate electrolyte/alloy interactions. The use of simple and economical
methods to produce such engineered particles open doors to low-cost synthesis of Si alloy/graphite

composite materials with high energy density for Li-ion batteries.
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6.2 Material Preparation

Step 1 Step 2 Step 3
Si alloy synthesis Embedding into graphite Carbon coating

RN

e Rotating wall
e — ! Chamber  —f

Press-head

Carbon layer
Alloy particle

Graphite particle

» Pore

Scraper

Figure 6.1 Schematic of the preparation of the SiFeo200039/graphite/C composite. The three-step involves
ball milling, mechanofusion and carbon coating.

The procedure for fabrication of SiFeo2000.39/graphite/C composites is schematically
illustrated in Figure 6.1. In the first-step, the SiFeo 200039 alloy samples were prepared by the
reactive gas milling method, as described in Chapter 3. The SiFeo2000.39 alloy was selected as the
alloy material to be incorporated with spherical graphite due to its excellent thermal stability and
good electrochemical performance. In the second step, the as-prepared SiFeo200039 alloy was
processed in the mechanofusion machine with spherical natural graphite (A3901, Asbury
Carbons). 33 g of a 1:6 by mass mixture of SiFeo.2000.39 alloy and graphite was dry processed using
a 10 cm diameter mechanofusion machine (Dry Particle Fusion Machine, DPM Solutions, Hebville
NS Canada). Mechanofusion was conducted at 2500 rpm with a 1 mm press-head/wall gap to
embed the alloy into the graphite particles. In the last step, CVD carbon coating was applied to the
MF-processed SiFeo.2000.39/graphite composite using ethylene as the carbon source at 800°C in a
rotating fluidized bed for 1 or 2 hours, followed by 1 hour of argon flow. The resulting
SiFeo.2000.39/graphite/C composites will be referred to here by their mechanofusion processing and

CVD processing times. For example, MF(1h)-SiFe200039/SG refers to 1h mechanofusion
134



processed SiFeo.2000.39/spherical graphite (SG) composite and MF(1h)-
SiFe0.200039/SG/C(CVD,1h) means the 1h MF-processed composite particles have been
subsequently CVD carbon coated for 1h.

In this chapter, electrode slurries of MF(3h)-SiFe0200039/SG and MF(1h)-
SiFe0.200039/SG/C(CVD,2h) were made by mixing the composite particles with carbon black
(Super C65, Imery’s Graphite and Carbon) and LiPAA (70/5/25 by volume) in distilled water
using a 1" diameter Cowles blade at 5000 rpm for 10 min. A thin layer of slurry was coated on Cu
foil (Furukawa Electric, Japan) using a 0.004" coating bar. The coating was then dried in air at
120°C for 1 hour. All other electrodes consisted of the MF-processed SiFeo2000.39/SG/C
composites, carbon black (Super C65, Imery’s Graphite and Carbon) and PVDF binder
(polyvinylidene fluoride, Kynar HSV 900) (90/5/5 by weight) were made by mixing in N-methyl2-
pyrrolidone (Sigma Aldrich, anhydrous 99.5%) using a 1" diameter Cowles blade at 5000 rpm for
10 min and spread onto copper foil with a 0.004" coating bar. The coatings were then dried in air
for 1 hour at 120 °C. Electrodes were incorporated into 2325 type coin cells with a Li metal counter
electrode. 1M LiPFs in FEC:EC:DEC (1:3:6 by volume) electrolyte was used for cells with
electrodes made with LiPAA binder and 1M LiPF¢ in EC:DEC (3:6 by volume) electrolyte was
used for cells with electrodes made with PVDF binder. Cells were cycled at 30°C, between 5 mV
and 0.9 V at a rate of C/20 and signature discharged (explained in Section 2.2.7.2) to C/40 for the

first cycle; and at a C/10 and signature discharged to C/20 for following cycles.
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6.3 Characterization and Cycling Performance of MF-SiFeo.2000.39/SG/C Composites

Figure 6.2 shows SEM images of MF(1h)-SiFeo.200039/SG and MF(3h)-SiFeo.200039/SG
composite powders and their electrode cross sections. Figure 6.2 (a) shows the overall morphology
of the MF(1h)-SiFeo.200039/SG composite powder. This sample appears to be a simple mixture of
alloy (bright particles) and graphite (dark particles). Not many alloy particles are embedded inside
of the graphite particles, as shown in its cross-sectional SEM image (Figure 6.2 (b)). After 3 hours
of mechanofusion, less alloy particles are observed (Figure 6.2 (¢)) and most of the observed alloy
particles are adhered on or embedded in the graphite particle surfaces. In addition, when the MF
processing time is increased to 3 hours, more alloy is embedded inside of the graphite particles
and more alloy particles are found embedded within graphite particles in the cross section of
MF(3h)-SiFe.200039/SG electrode (Figure 6.2(d)) than that of the MF(1h)-SiFeo2000.39/SG

electrode (Figure 6.2(b) ).
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Figure 6.2 (a) SEM image of MF(1h)-SiFe(2000.39/SG composite powder;(b) cross-sectional SEM image of
MF(1h)-SiFeo200039/SG composite electrode (¢) SEM image of MF(3h)-SiFeo200039/SG composite
powder (d) cross-sectional SEM image of MF(3h)-SiFe2000.30/SG composite electrode.

Different CVD processing hours (1 and 2 hours) were used to apply a carbon coating layer
to the MF(3h)-SiFe.2000.39/SG composites to investigate the effect of carbon coating on the
performance of MF-SiFe2000.39/SG composites. Figure 6.3(a) and (b) show an overview image
and a cross-sectional image of the MF(3h)-SiFeo.2000.39/SG composite before carbon coating. The
graphite surface is smooth, with the exception of some SiFeo2000.39 alloy particles that are not

embedded into the graphite particles. After 1h carbon coating of these composite particles, many
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carbon fibers appear on the graphite surface (Figure 6.3 (c)). Carbon fibers are also present in the
inner voids of the graphite according to the electrode cross sectional SEM image shown in Figure
6.3 (d). The formation of carbon fibers is not desirable because it will increase the surface area of
the composite particle, causing excessive electrolyte reaction. In addition, the fibers likely
wouldn't efficiently protect the embedded alloy particles from electrolyte penetration. It is
suspected that the SiFeo 200039 alloy particles may catalyze the formation of carbon fibers during
CVD. However, when the carbon coating time is increased to 2 hours, much fewer carbon fibers
were formed both on the inner voids and outside graphite surface, as shown in Figure 6.3(¢e). Figure
6.3(f) shows a cross-sectional SEM image of the MF(3h)-SiFeo2000.39/SG(CVD,2h) composite
electrode. Almost no carbon fibers were formed inside of the graphite particles. Also in this figure,
a thin layer of grey color was found on some of the graphite particles, this could be considered as
the CVD-deposited carbon layer, because the amorphous carbon layer obtained here has less
electron density than graphite. However, it is also possible that this grey layer was caused by the
redeposition of material itself when preparing the electrode cross section. More investigations of
the optimal CVD carbon coating conditions are required to obtain a more homogeneous and dense
carbon coating layer on the MF-SiFe.200039/SG composite particles that efficiently isolates the

embedded alloy particles from electrolyte and binder.

138



Figure 6.3(a) SEM image of MF(3h)-SiFe2000.39/SG composite (b) cross-sectional SEM image of MF(3h)-
SiFeo200039/SG electrode. (c) and (d) SEM image and cross-sectional SEM image of MF(3h)-

SiFe0200039/SG /C(CVD,1h) composite electrode, (e) and (f) SEM image and cross section SEM image of
MF(3h)-SiFe)200039/SG(CVD,2h) composite electrode.
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Figure 6.4 compares the cycling performance of the uncoated and CVD carbon coated
MF(3h)-SiFe0200039/SG composites in electrodes with PVDF binder and cycled in FEC-free
electrolyte. The cycling performance of uncoated MF(3h)-SiFeo2000.39/SG in an electrode with
LiPAA binder and cycled in FEC-containing electrolyte is shown for comparison. Before CVD
carbon coating, the electrode of MF(3h)-SiFe200039/SG composite cycles well with LiPAA
binder in a FEC-containing electrolyte, its reversible capacity is nearly unchanged in the assessed
100 cycles. However, when conventional PVDF binder is used, the uncoated MF(3h)-
SiFe0.200039/SG composite shows a capacity fade. It has a fast capacity fade during the first 10
cycles and continues to fade at a slower fade rate up to the 100" cycle. This is not surprising, since
Si-based alloys are known to have extremely poor cycling performance with PVDF binder and
FEC-free electrolyte. In addition, the first lithiation capacity of the PVDF electrode is about 100
mAh/g higher than the LiPAA electrode. This extra capacity is likely due to the formation of
excessive SEI on exposed alloy surfaces. In contrast, the MF(3h)-SiFeo.2000.39/SG/C(CVD,1h)
composite electrode does not show a severe initial capacity fade during the first 20 cycles when
cycled with the same binder (PVDF) and electrolyte (FEC-free), however, after 40 cycles, it fades
at a similar rate as the uncoated MF(3h)-SiFeo200039/SG electrode. The MF(3h)-
SiFe0.200039/SG/C(CVD,2h) composite electrode shows remarkably good cycling in PVDF binder
and FEC-free electrolyte. The cycling performance is almost identical to the MF(3h)-
SiFe0.2000.39/SG electrode cycled with advanced LiPAA binder and FEC electrolyte additive. This
implies that this carbon coating layer deposited via CVD can sufficiently improve the cycling
performance of the SiFeo 2000.39/graphite composite and enable the use of the common binder and

electrolyte system of graphite. Such a drop-in solution to increase battery energy density without
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requiring any changes to binder or electrolyte formulation is highly desirable for battery
manufacturers.

In order to observe the fracturing pattern of SiFeo2000.39 alloy in the MF-SiFe(200039/SG
and MF-SiFe(2000.39/SG/C(CVD) composite particles, cross-sectional SEM images of post-cycled
MF(3h)-SiFe0.2000.39/SG and MF(3h)-SiFeo.200039/SG/C(CVD) electrodes were obtained and are
shown in Figure 6.5. Figure 6.5(a) and (b) show cross sectional images of the MF(3h)-
SiFe0.2000.39/SG electrode made with LiPAA and cycled in FEC-containing electrolyte. All alloy
surfaces show signs of fracture/reaction with electrolyte. This fracturing pattern is very similar to
that of cycled neat SiFe.2000.39 alloy (Figure 4.10(d)). However, when this electrode is cycled with
PVDF binder and FEC-free electrolyte (Figure 6.5 (c) and (d)), some alloy surfaces are eroded,
while many alloy particles appear to be pristine. This is likely due to alloy particles becoming
electrically disconnected in early cycles. This helps explain this electrode's cycling performance,
shown in Figure 6.4, where the early capacity fade is likely due to electrical disconnection of alloy
particles (the ones which appear pristine in Figure 6.5(c) and (d)), while other alloy particles
maintain connected, but react with electrolyte, resulting in subsequent linear fade (these alloy
particles appear to have eroded surfaces in Figure 6.5(c) and (d)).

Figure 6.5(g) and (h) show cross-sectional SEM images of MF(3h)-
SiFe0.200039/SG/C(CVD,1h) cycled with PVDF and FEC-free electrolyte. In these images, the
embedded SiFeo2000.39 alloy particles also show severe fracture, where alloy particles in Figure
6.5(f) have been eroded into many small pieces. A similar alloy fracturing pattern was also
observed in the MF(3h)-SiFe0200039/SG/C(CVD,2h) electrode (Figure 6.5 (g) and (h)). It is
difficult to discern from these images if the existence of the CVD carbon coating helps avoid

electrolyte infiltration, as intended. This needs to be confirmed by some experimental technique
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such as EDS, which can detect if any electrolyte components (e.g. P or F) are present within the
cycled particles.
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Figure 6.4 Specific capacity versus cycle number of MF(3h)-SiFeq2000.30/graphite composite electrode
made with LiPAA binder, MF(3h)-SiFe.2000.39/graphite composite electrode made with PVDF binder,
MF(3h)-SiFeo2000.39/graphite/C(CVD,1h) composite electrode made with PVDF binder and MF(3h)-
SiFe2000.30/graphite/C(CVD,2h) composite electrode made with PVDF binder. FEC and FEC-free

electrolyte was used as indicated.
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Figure 6.5 Cross-sectional SEM images of post-cycled electrodes of (a)-(b): MF(3h)-SiFe(2000.39/SG made
with LiPAA binder and cycled in FEC-containing electrolyte, (c)-(d) MF(3h)-SiFe(2000.39/SG made with
PVDF binder and cycled in FEC-free electrolyte, (¢)-(f) MF(3h)-SiFe(200039/SG/C(CVD,1h) made with
PVDF binder and cycled in FEC-free electrolyte, (g)-(h) MF(3h)-SiFe2000.3/SG/(CVD,2h) made with
PVDF binder and cycled in FEC-free electrolyte.
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Figure 6.6 compares the cycling performance of MF(1h)-SiFeo200039/SG/C(CVD,2h)
composite and MF(3h)-SiFeo200039/SG/C(CVD,2h) composite electrodes. The two electrodes
have about the same first reversible capacity. However, the MF(3h)-SiFeo2000.39/SG/C(CVD,2h)
composite electrode shows higher cycling stability than the MF(1h)-SiFe02000.39/SG/C(CVD,2h)
composite electrode during the assessed 100 cycles, with almost no capacity loss of its first
reversible capacity. It is noted that the 1h MF composite was cycled with advanced LiPAA binder
and FEC-containing electrolyte while the 3h MF composite was cycled in an extreme condition
(PVDF binder, FEC-free electrolyte). This result indicates that longer MF processing time helps
the embedding process of SiFeo200039 particles into the graphite particle as well as benefiting

cycling performance.

700 ' I ' I ' I ' I '
MF(3h)-SiFe, ,,0,./SG/C(CVD,2h) |
PVDF binder

600 MF(1h)-SiFe, ,,0,,,/SG/C(CVD,2h) -
LiPAA binder

N
o
o

FN
o
o

300

SPECIFIC CAPACITY (mAhlg)

200 1 | 1 | 1 | 1 | 1
0 20 40 60 80 100

CYCLE NUMBER

Figure 6.6 Specific capacity versus cycle number of MF(1h)-SiFeo20003¢/SG(CVD,2h) and MF(3h)-
SiFe02000.39/SG(CVD,2h) composite electrodes. MF(1h)-SiFeg200039/SG(CVD,2h) electrode was prepared
with LiPAA binder and cycled in FEC-containing electrolyte. MF(3h)-SiFe(2000.39/SG(CVD,2h) electrode
was prepared with PVDF binder and cycled in FEC-free electrolyte.
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Figure 6.7 Cross-sectional SEM image of post-cycled MF(1h)-SiFeO/SG(CVD,2h) electrode with LiPAA
binder and cycled in FEC-containing electrolyte.

A cross-sectional SEM image of MF(1h)-SiFe0.2000.39/SG/C(CVD,2h) composite electrode
with LiPAA binder obtained after 100 cycles in FEC-containing electrolyte is shown in Figure 6.7.
The alloy particles seem to have different morphologies in different regions of the composite
particle. Alloy particles close to the graphite surface (indicated by a blue circle in Figure 6.7) show
a more fractured and/or SEI-surrounded region. However, for alloy particles that are embedded
deeply inside of the graphite structure (indicated by red circles in Figure 6.7), they still show clear
margins that are almost like pristine particles, with very little alloy surface erosion and SEI
formation. This may indicate that those deeply embedded alloys are protected by the “sealed”
structure from electrolyte penetration. Again, this needs to be confirmed by element mapping of
the post-cycled electrode to observe the electrolyte infiltration. The result in this section
encourages further optimization on the MF-SiFe(200039/SG/C composite synthesis process to
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achieve a composite particle that having well embedded alloy particles inside of the graphite voids
and uniform carbon coating on the graphite surface to completely protect alloys from electrolyte
penetration.
6.4 Optimizations on Synthesis Method
6.4.1. Use of Flake Graphite to Further Optimize Composite Particles

The undesired carbon fibers observed in Figure 6.3 (c) and (d) are suspected to be
associated with alloy particles on the graphite surface. Therefore, it would be ideal if alloy particles
can be fully embedded inside the graphite particle. Here, a small amount of flake graphite was
added to MF(3h)-SiFeo.2000.39/SG composite particles with the hope to reduce the amount of alloy
particles on the graphite surface. The flake graphite may work by coating the MF(3h)-
SiFe.200039/SG composite particles, helping the embedding process of MF by lubricating the
regions between the composite particles, separating alloy aggregates on the graphite surface, or
any combination of these.

0.57g of flake graphite (KS6L, Imerys Graphite and Carbon) was added to 20g of MF(3h)-
SiFe.200039/SG composite (denoted as SiFeOSG1 in this section) and dry processed using
mechanofusion for 1h, the resulting SiFeo2000.39/SG/FG composite was referred as SiFeOSGFG1.
6 g of the SiFeOSGFG1 was mixed with additional 10.68 g of spherical natural graphite and
processed by MF for another 3 hours to lower the SiFeo2000.39 content to 5 wt. %, the resulting
alloy/graphite composite was called SiFeOSGFG2. For comparison, a SiFeo.2000.39/SG composite
(denoted as SiFeOSG2) consisting of 5 wt.% of SiFe.200039 was prepared by diluting the
SiFeOSG1 with additional spherical graphite in the mechanofusion for another 4 hours, so that the
total MF time is the same as SiFeOSGFG2. Table 6.1 lists compositions of all SiFe2000.39/SG and

SiFe0.200039/SG/FG composites mentioned in this section.
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Table 6.1 Compositions of MF processed SiFeo.2000.39/graphite composites

sample SiFeo.2000.39 Spherical Flake MF Time
(Wt.%) Graphite (wt.%) Graphite(wt.%) (hours)
SiFeOSGl1 14.3 85.7 / 3
SiFeOSG2 5 95 / 7
SiFeOSGFGl1 13.9 83.4 2.7 4
SiFeOSGFG2 5 94.08 0.98 7

Figure 6.8 SEM image (a) SiFeOSG1(b) SiFeOSGFG1 (c)SiFeOSG2, and (d) SiFeOSGFG2.
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Figure 6.8 shows SEM images of the composites listed in Table 6.1. Figure 6.8(a) shows
the overall morphology of the SiFeOSG1 composite. This SiIFeOSG1 composite contains 14.3 wt.
% of SiFe02000.39 alloy particles and has been MF-processed for 3 hours. Significant amounts of
alloy particles are observed both on the graphite surface and distributed separately. Alloy particles
in this image have different particle sizes, and some secondary aggregates of alloy particles are
present. Small primary alloy particles are mostly present on the surface of the graphite particles,
while larger aggregates tended to be adhered to the underlying carbon tape by themselves. The
SiFeOSGFG1 composite was prepared by adding 2.7 wt.% of flake graphite to SiFeOSG1 and MF
processing for another hour. The overall morphology of the SiFeOSGFG1 composite shown in
Figure 6.8(b) is similar to SiFeOSG1. However, SiFeo.2000.39 particles in Figure 6.8(b) seem to
have smaller particle sizes and are distributed more evenly. The small amount of flake graphite in
SiFeOSGFG1 composite particle may help separate the large alloy aggregates observed in
SiFeOSG1. Nevertheless, many alloy particles are present on the graphite surface. In Figure 6.8
(c) and (d), alloy content was decreased to 5 wt. %. The composite powder shown in Figure 6.8(c)
was prepared by diluting SiFeOSG1 with additional graphite and MF processing for four more
hours. It was expected that longer mechanofusion processing time may help embed more of the
SiFeo.2000.39 particles from the graphite surface into the inner voids. This effect was very obvious
when the MF hours is increased from 1h to 3h as discussed in Figure 6.2. However, in Figure
6.8(c), even thougth this SiFeOSG2 sample was dry processed in MF for 7h and the alloy content
is only 5%, many SiFeo200039 particles remain on the graphite surface. In contrast, the
SiFeOSGFG2 sample in Figure 6.8(d), with the same MF processing time (7h) and same

SiFe0.2000.39 alloy content (5 wt. %), shows less alloy particles in its SEM images, this indicates

148



that more alloys have been successfully embedded inside of the graphite voids or that the flake
graphite was able to coat the SiFe2000.39/SG composite particles.

Figure 6.9 show SEM images of the SiIFeOSGFG2 and SiFeOSG2 composite particles at a
higher magnification, as well as their electrode cross sections. Very few SiFeo 200039 particles are
present on the graphite surface in SiFeOSGFG2, shown in Figure 6.9 (a). In contrast, more
SiFeo.2000.39 particles are observed in SiFeOSG2 (Figure 6.9 (c)). In addition, SiFeo.200039 alloy
particles that remain on the graphite surface also show larger particle sizes in Figure 6.9(c).
Composite particles in Figure 6.9 (a) and (c) contain the same amount (5 wt. %) of SiFeo.2000.39
particles and were both processed in MF for 7 hours. The only difference is that the SiFeOSGFG2
contains about 1 wt.% of flake graphite. This amount of flake graphite may act as an embedding
aid to break down the large particles of SiFe.2000.39 on the graphite surface to small particles,
which facilitates the embedding of SiFeo.2000.39 particles inside of the graphite voids. Figure 6.9(b)
shows the cross-sectional SEM image of the SiFeOSGFG2 particle. It seems that more alloy
particles are embedded into the top graphite particle shown in Figure 6.9(b). However, almost no
alloy particles can be found inside of the bottom graphite particle in the same image. This could
also relate to the different morphology of natural spherical graphite particles, for example, some
graphite particles may have less available entrances on the surface for the alloy particle to be
embedded in. Figure 6.9 (d) shows the cross section of SiFeOSG2 composite particles, some alloy
particles were embedded inside of the graphite particles, but on average less than that in Figure
6.9 (b). This comparison would be more convincing if multiple cross-section images were taken
for each electrode to show the distribution of alloy particles in the graphite voids. As another
possible reason for the fewer alloy particles on the graphite surface observed in Figure 6.9(a), the

flake graphite added in the SiFeOSGFG2 composite may coat the SiFeOSG particles during MF
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process. However, it is hard to determine the existence of such coating layer from present SEM
images. It is also possible that the flake graphite has acted in both ways to reduce the surface alloy

particles.

Figure 6.9 (a) and (b) SEM image and cross-sectional SEM image of SiFeOSGFG2 electrode. (c) and (d)
SEM image and cross-sectional SEM image of SiFeOSG2 electrode.
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Figure 6.10 Potential profiles and corresponding differential capacity curves of SiFeOSG and SiFeOSGFG
composites listed in Table 6.1, initial cycles are shown in red in the differential capacity curves.

Figure 6.10 shows the potential profiles and the corresponding differential capacity curves
of the four MF processed composite materials with different alloy and graphite contents, as listed
in Table 6.1. As the alloy content decreases from 14.3% and 13.9% (SiFeOSG1 and SiFeOSGFGI)
to 5 % (SiFeOSG2 and SiFeOSGF@G2), the reversible capacity decreases and the potential profiles
more resemble that of a graphite anode. Figure 6.11 (a) shows the cycling performance of the four

MF processed composite materials with different alloy and graphite contents. All electrodes were
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prepared with PVDF binder and cycled in FEC-free electrolyte. In Figure 6.11 (a), SiFeOSG1 and
SiFeOSGFG1 show higher first lithiation capacity due to their higher alloy content (14.3 wt.% and
13.9 wt. % alloy, respectively) than SiFeOSG2 and SiFeOSGFG2 (5 wt. % alloy). However, no
significant differences can be identified (all difference within 5 %) between the SiFeOSGI1 and
SiFeOSGFGI1 electrodes in terms of cycling performance. They both show some degree of
capacity fade, due to the extreme cycling conditions (PVDF binder and FEC-free electrolyte).
From Figure 6.11 (a) it is tempting to infer that the SiFeEOSGFG2 electrode has the best
cycling performance, possibly because of the success in embedding most of the alloy particles, as
shown in Figure 6.8(d). However, the presence of different amounts of graphite in these
composites can make such conjectures misleading. To better compare the capacity retention of the
SiFe0.2000.39 alloy itself in these composites, the SiFeo 200039 alloy contribution to the capacity of
these composites were calculated from the fraction of the electrode capacity above 0.18 V during
delithiation, as described in Chapter 4, and are plotted in Figure 6.11 (b). Unexpectedly, the
calculated capacity of the SiFeo2000.39 alloy in the SiFeOSG2 and SiFeOSGFG2 electrodes is
higher than the measured capacity of the neat SiFe(.2000.39 alloy electrode (~1200 mAh/g). This is
likely caused by the loss of graphite during the long mechanofusion processing (7h), since severe
powder leakage was observed during machine operation and graphite tends to leak preferentially
during mechanofusion because of its low density. Further investigation is required to confirm the
powder composition after the mechanofusion processing. All SiFe2000.39 alloys show severe
capacity fade when cycled in these composite materials. None of the SiFeo.2000.39 alloys in these
composites show significantly improved cycling (improvement in capacity retention after 100
cycles greater than 10%)over the SiFeo200039 alloy in the SiFeOSG1 composite. Indeed, the

capacity retention of SiFe(.2000.39 alloy in the SiIFeOSGFG2 composite is much worse. More work
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is needed to optimize these composite materials. Figure 6.11 represents a good demonstration that
improved capacity retention by the addition of graphite to an alloy may be misleading. The alloy
itself may have worse capacity retention, even though the capacity of the composite as a whole is

improved by the addition of graphite.
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Figure 6.11 (a) Specific capacity versus cycle number of SiFeOSG and SiFeOSGFG composites listed in
Table 6.1 (b) capacity of SiFeo200039 alloy in SiFeOSG and SiFeOSGFG composites electrode. All
electrodes were made with PVDF binder and cycled in FEC-free electrolyte.

6.4.2. Search Other Carbon Coating Methods and Study of Electrolyte Penetration

In order to cycle SiFeo.2000.39/SG composite electrodes well without the use of advanced
binders or electrolyte additives, alloy particles should be completely isolated from the electrolyte
and binder. To obtain this goal, good carbon coating methods as well as ways to examine the
electrolyte and binder penetration are of great importance. This section will show a preliminary
work to coat the spherical graphite using citric acid as a precursor and investigate its effect on
preventing electrolyte penetration using EDS mapping.

0.5 g spherical graphite and 1.25g citric acid were dispersed in Sml of ethanol and mixed

in a high sheer mixer for 10 mins. The dried powder mixture was heated under Ar flow for 2 hours.
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In order to investigate whether electrolyte will penetrate within the graphite particles, electrodes
of carbon-coated graphite and uncoated graphite were soaked in the standard electrolyte (1 M
LiPF6 in EC:DEC:FEC(3:6:1)) overnight, separately. Electrode coatings were made by mixing
graphite, carbon black and PVDF binder in a mass ratio of 90:5:5. The soaked electrodes were
cross sectioned and EDS mapping was used to detect traces of electrolyte.

Figure 6.12 (a) shows the cross-section of the soaked uncoated graphite electrode, some
bright spots were observed both within graphite particle and on the graphite particle surface. Such
bright spots are also shown in higher intensity in the F-mapping (Figure 6.12 (b)) and P-mapping
(Figure 6.12 (c)) of the image. According to Figure 6.12(b-c), fluorine and phosphorus exist
everywhere outside the graphite particle and everywhere within the voids of the graphite particle.
The fluorine can come from the PVDF binder and the electrolyte solution, while the phosphorus
can come from the LiPFs salt in the electrolyte. As a comparison, Figure 6.12 (d-f) show cross-
section SEM and EDS mapping images of the carbon-coated graphite electrode. In this electrode,
much less P and F were identified within the graphite particle. However, significant amounts of P
and F (as shown in bright-coloured regions) were observed in the graphite voids that are close to
the outside surface, as shown in Figure 6.12(e) and (f). For those voids that are deep inside of the
graphite particle, both F and P were not detected. This indicates the carbon-coated graphite made
here may only slow down the penetration rate of the electrolyte, but it cannot well seal the graphite
from electrolyte infiltration.

The carbon coating achieved here has a very limited effect in terms of preventing the
penetration of electrolyte and/or binder into graphite particles. However, this preliminary work
shows an effective experimental method to study electrolyte penetration. This method can be

applied to the post-cycled electrode of SiFeo200039/graphite/C composite, which seems to be
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protected from electrolyte penetration by the carbon coating obtained by CVD. Nevertheless, more
controllable carbon coating methods are still required to produce an amorphous carbon layer with

appropriate thickness to enhance the electrode conductivity and prevent electrolyte penetration.

Figure 6.12 (a-c) Cross-sectional SEM image and corresponding EDS mapping results of spherical graphite
electrode soaked in electrolyte (1M LiPF¢ in EC:DEC:FEC(3:6:1) overnight. (a) graphite (b) F mapping
image, (c) P mapping image; (e-f) Cross-sectional SEM image and corresponding EDS mapping results of
carbon-coated spherical graphite electrode soaked in electrolyte (1M LiPFs in EC:DEC:FEC(3:6:1)
overnight. (a) carbon-coated graphite, (e) F mapping image, (f) P mapping image.
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6.5 Conclusion

SiFe0.200039/SG/C composites were prepared by a dry powder processing method,
mechanofusion and subsequently CVD carbon coated. In the resulting engineered composite
particle, SiFeo200039 alloy particles are well embedded inside spherical graphite particles. The
carbon coating prepared by CVD on the spherical SiFeo2000.39 alloy/graphite composites can
further protect the embedded alloy particles from reaction with the electrolyte. Therefore,
SiFeo.2000.39/graphite/C composite electrodes show good cycling performance without using
advanced binders and electrolyte additives. Such composite materials are promising for a drop-in
method to increase the energy density of Li-ion batteries without the need for special electrolyte
additives or binders. They also present an interesting research vehicle to study alloy materials

without interference from electrolyte interactions or electrode structural issues.
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK
7.1 Conclusions

In this thesis, systematic investigations of Si-based nanostructured composites were
conducted with the goal of improving electrochemical performance. Composites of Si-Fe-O alloys
and carbonaceous materials were selected as effective materials to realize this main objective.
SigsFe1sOx alloys were prepared by a simple reactive gas milling method with tunable oxygen
content, as described in Chapter 3. The oxygen content of the milled alloys was found to increase
with air milling time from O h to 6 h and then reached a steady state. It was found that increasing
air milling time decreases the specific capacity as the introduced oxygen reacts with Si. However,
increasing air milling time can help improve the cycling stability and suppress the formation of
LiisSig. The 10 h air milled SissFe150x alloy shows high volumetric capacity and good cycle life.
SigsFe1sOx alloys also have excellent thermal stability, even after being annealed to 800°C. For
instance, the 10 h air milled SigsFeisOx alloy is an outstanding candidate among the examined
alloys for the further development of increased capacity anode materials for commercial cells (e.g.
by incorporating the alloy into graphite composites).

The electrochemistry of ball milled SiFexOy alloys was investigated as a function of iron
content in Chapter 4. It was found that increasing iron content decreases the specific capacity
because of the formation of inactive iron silicide phases. However, increasing iron content helps
improve cycling stability. In addition, the increased iron content helps protect electrode structural
integrity during cycling. The studies on Chapter 3 and Chapter 4 provide the most promising Si-
Fe-O alloy candidate (SiFeo.200039) for further optimization to increase cycle life, such as by

carbon coating and making composite materials with graphite.
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Chapter 5 introduces some preliminary investigations of SiFe200039/C composite
materials by taking advantage of the high thermal stability and good cycling properties of
SiFe0.2000.39 alloy. It was shown that the SiFeo200039 alloy can withstand high temperature
processing when annealed with PVC at temperatures as high as 800°C. The resulting
SiFe0.2000.39/C materials have improved cycling stability and this good cycling performance is
maintained even in FEC-free electrolyte. SiFeo2000.39/graphite composites were prepared by
annealing a mixture of SiFeo200039 alloy, graphite, and phenolic resin at 600°C. The
SiFeo.2000.39/graphite composites show improved cycling stability, with a capacity retention above
95% over 100 cycles. This cycling performance is maintained even when the electrolyte additive
FEC is not used.

Further optimizations of the SiFeo.2000.39/graphite composite material towards a practical
battery material are discussed in Chapter 6. SiFeo2000.39/SG/C composites were prepared by a dry
powder processing method, mechanofusion and subsequently CVD carbon coated. In the resulting
engineered composite particle, SiFeo 200039 alloy particles are well embedded inside spherical
graphite layers. The carbon coating prepared by CVD on the spherical SiFe2000.39 alloy/graphite
composites was added to further protect the embedded alloy particles from reaction with the
electrolyte. The resulting SiFeo2000.39/graphite/C composite electrodes show good cycling
performance without using advanced binders and electrolyte additives.

The combination of synthetic methods of ball milling, mechanofusion and CVD
techniques, was adopted to obtain a high-capacity Si-based composite anode for LIBs. Therefore,
this present study suggests an optimized and practical nanostructured Si-based composite anode

for superior LIBs.
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7.2 Future Work
7.2.1 Investigations on Carbon Coating Methods

Some attempts were made to prepare carbon coatings on either neat SiFeo 2000 39 alloy and
SiFeo.2000.39/graphite composites in this thesis. Instead of the desired carbon-coated SiFeo.2000.39
particle, heating SiFeo.2000.39 and PVC mixture resulted in a SiFeo2000.39/C composites. However,
this SiFe.200039/C composite still shows improved cycling performance, further studies on its
microstructure via experimental techniques such as TEM would be helpful to understand its
corresponding electrochemical performance. At the same time, it would be valuable to explore
other precursors to prepare carbon coatings via the pyrolysis method. In addition, the SiFeo2000.39
alloy particles in the SiFeo2000.39/graphite/C(CVD) composites prepared in this thesis seem to
show reduced electrolyte erosion from its morphology in the post-cycled electrode. This needs to
be confirmed by some compositional analysis to show that less F and P (elements in the electrolyte)
were identified with the carbon coating layers.
7.2.2 Compatibility and Interactions between Si Alloys and Graphite

Unlike Si, graphite has low volume expansion upon lithiation (~10%) [183]. The big
difference in the volume changes of graphite and Si alloy during lithiation/delithiation may result
in electrical contact loss for graphite [184]. A previous study of a Si/graphite composite found that
the graphite component loses its intrinsic capacity after cycling due to the repeated expansion and
contraction of the Si particle during lithiation/delithiation, which causes excessive SEI formation
at the interface and degradation of electrodes [185]. This resulted in the graphite particles
becoming electrically isolated. It was also found that the graphite particles in the Si/graphite
composite are partially displaced and become randomly oriented as the expansion of the

Si/graphite electrodes proceeds [186]. It is important to study the interaction between graphite and
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Si during the lithiation/delithiation process in the Si alloy/graphite composite electrodes, such as
the (de)lithiation kinetics, the potential behavior, and electrochemical performance of calendered
electrodes [187].

In addition, the incompatibility between the irregular particle sizes of Si alloy and graphite
should be carefully considered. Modifications on the morphology, size, and surface area of
graphite may increase the compatibility of graphite with Si by adjusting the distribution of Si and
graphite in the composite [184]. In the development of Si alloy/graphite anodes for high energy
density LIBs, properties of both graphite and Si alloy should be carefully considered.
Comprehensive studies on compatibility and interactions between Si-based alloy and graphite are
necessary.

7.2.3 Alloy Morphology Changes

It is important to study the alloy fading mechanism within a structure such as the
SiFe0.2000.39 /C(CVD) composite particle in Chapter 5. If the alloy is indeed isolated from the
electrolyte, the behavior of the SiFeo.2000.39 alloy particles during lithiation/delithiation processes
without the interaction of electrolyte can be monitored. It will help understand alloy morphology
changes during cycling. According to the current study on the SiFe 200039 /C(CVD) composite,
the alloy surface is still fractured compared to the pristine electrode. This may indicate that alloy
surface erosion is not solely due to electrolyte reaction, but also because of repeated
expansion/contraction. More comprehensive understanding of the morphology changes of
embedded alloys in graphite will guide future design of optimal microstructures.

7.2.4 Further Optimizations towards Practical Application
The syntheses described in this thesis are on a lab bench scale. It is necessary to explore

low-cost and large-scale production methods to prepare SiFeo.2000.39 alloy with the same quality
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of the reactive gas milled SiFeo2000.39 alloy (e.g. microstructure and thermal stability) to achieve
both high capacity and stable cycling. In addition, the preparation of SiFeo200039 /graphite
materials should consider scalable manufacturing processes to realize its practical application. The
mechanofusion and CVD synthesis steps utilized in present study is advantageous in this
perspective. In addition, further improvements on the particle structural design are important. For
example, an appropriate amount of the flake graphite needs to be determined to help the embedding
process of SiFeo2000.39 alloy particles inside the void spaces of graphite particles.
7.2.5 Pre-lithiation Methods and Full Cell Evaluation

Although the as prepared SiFeo.2000.39 alloys show improved ICE than SiOx materials, due
to the reduced formation of inactive Li silicates, the ICE is still not very high (about 70%). In half
cells, this is often not a problem as there is excessive lithium available. However, anode materials
with lower ICE will cause the consumption of active lithium to compensate for the first cycle,
leading to a low overall energy density in full cells. In practical applications, a first cycle capacity
loss of < 10% is normally required for the anode [180]. Many methods have been developed to
improve the ICE of SiOx materials by preloading anodes with excess Li to compensate for the low
ICE (e.g. prelithiation). For example, stabilized lithium metal powder (SLMP) was used to pretreat
Si-based anodes before cell assembly [71,180,188—-190]. The electrodes prelithiated with 8.3%
SLMP can improve the ICE from 80.4% (without prelithiation) to 93.1%, while still maintaining
similar cycling performance of the untreated electrode [180]. Prelithition can also be achieved by
electrochemical lithiation using a temporary cell and pre-charging process [191]. Prelithiation is
very useful method to increase the ICE of SiFeo2000.39 electrodes, which is worth investigation in

full cell configurations.
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It is valuable to investigate full cell performance when SiFeo2000.30/graphite composite
materials are used as the negative electrode and matched with commercial positive electrodes.
Fundamental studies of the interaction between positive electrodes and SiFeo2000.39/graphite
composite negative electrodes need to be explored. Optimal cycling conditions of
SiFeo.2000.39/graphite composite in full cells are important to evaluate its full potentials as high
energy density electrode materials. Thoughtful research in full cells will help the understandings
of cell failure mechanisms and contribute practical applications of Si-based anodes for future
LIBS.

7.2.6 Binder and Electrolyte System

The development of a compatible binder and electrolyte system that works well for both
Si-based alloy and graphite is of great importance. For example, conventional PVDF binder works
well with graphite electrode, but it results in severe capacity fades when used in Si-based materials.
It was found that some binders will have different interactions with different components in a
Si/graphite composite [94]. This is because of the different nature of graphite (hydrophobic) and
Si (hydrophilic) [192]. In addition, it was claimed that the use of water-based binders, such as
carboxymethyl cellulose (CMC), styrene butadiene rubber (SBR), and poly(acrylic acid) (PAA)
will cause cell failure of the Si/graphite anode [193]. The nonremovable residual water will cause
the hydrolysis of LiPFs to produce HF, and the harmful HF will penetrate through the SEI layer
and etch the Si surface, so that the electrode degradation is accelerated [194,195]. Therefore, the
binder design for a composite must consider the different properties of each component carefully.

Electrolyte studies are also essential to enhance the overall electrochemical performance.
The development of electrolyte systems should consider the whole system, instead of the Si-based

materials or graphite alone. For example, vinylene carbonate (VC) is a useful electrolyte additive
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for graphite, but it doesn’t work well for Si-based alloys [196,197]. In addition, for a full cell with
nickel-rich cathode and silicon-based anode, a good electrolyte system should be able to stabilize
the high-voltage cathode electrolyte interface and the SEI layer at the same time [97]. The use of
multiple additives is one useful strategy. For example, the co-use of lithium fluoromalonato-
(difluoro)borate (LiIFMDFB) and FEC were found to stabilize both Li-rich cathode and Si/graphite
anode in a full cell. The Si/graphite particles are covered by the uniform SEI even after 200 cycles
in this electrolyte system. This dual-function electrolyte system demonstrates a very useful method
to design electrolytes for high-performance batteries [173].
7.3 Personal Reflection

This section aims at sharing personal thoughts concerning the whole process of the thesis.
It was overall an enjoyable journey. I liked conducting research that is practical and holding the

promise to solve real-world issues.

This thesis mainly introduces the synthesis of two series of Si-Fe-O alloys and some
preliminary work of making SiFeo.2000.39/graphite composites. However, as stated in the future
work part, more work needs to be done to optimize the composite material, such as improvements
on embedding process, carbon coating process, determination of carbon content, and optimal alloy

content in the composites.

Some of the interpretations need to be supported by more strong experimental evidence.
Experimental techniques such as XPS, TEM, EDS mapping, in-situ XRD, and electrochemical
impedance spectroscopy(EIS) can be utilized to provide complementary information. For example,
the interpretations of SEM images of the post-cycled electrodes need to be confirmed by the EDS

elemental mapping to confirm the existence of P and/or F that are associated with the electrolyte.
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In addition, some of the experimental procedures could have been more carefully designed.
In Chapter 6, when using flake graphite to further optimize composite particles, it is worth blending

alloy particles with flake graphite before adding the spherical graphite particles.

By overcoming the abovementioned limitations, more understandings of the Si-based alloy

/graphite composite material could be revealed.
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