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(a) graphite (b) F mapping image, (c) P mapping imagh; @eosssectional SEM image and
corresponding EDS mapping results of carboated sphecal graphite electrode soaked in
electrolyte (1M LiPk in EC:DEC:FEC(3:6:1) overnight. (a) carbooated graphite, (e) F
mapping image, (f) P Mapping iMage...........uuiiiiiie e reeeis e e e 155
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ABSTRACT

Conventional lithiurrion batterieswith graphite anodeare approachingheir capacity
limit. Silicon-based anode materials are expected to be incorporated into the next generation
lithium ion batteries because of the hitjeoretical capacity of Si. However, issues regartieg
huge volume expansi@ontractionof Si upon lithiation/delithiation need to be alleviated.
Nanostructured SW (M = transition metal) alloy negative electrode materials have received lots
of attenton since they show good cycling performance and suppressed volume expansion.
However, SiM alloys still suffer from side reactions with electrolyte during cycling..§&licon
oxide) is another focu®r Li-ion anode researclsiOx has relatively low viume expansion, less
side reactios with electrolyte, and high capacity retention during cycliHgwever, the first
coulombic efficiencyof SiOx is low because of thiereversibleformation of lithium silicatesi-or
practical applicationof Si-based allog, anode material design and optimizatiogfforts are
required.

In this thesis, e synthesis, microstructure and electrochemical properties of ball milled
SigsFe1s0x and SiFgOy alloys are investigate&pecifically,Si and Fe alloys are ball milled &ir
for different amounts of time to make-B&-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 depositionegs, enabling the formation of
composite materials with further enhanced performance. It was demonstrated Silagth€o 39
alloyscan be embedded into spherical natural graphite and-€&ed to create high performance
composite anode particléghe resultingsarbonrcoated graphite composite particles can cycle well

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

Lithium-i on batteries are I mpor wald.By2025condar
Li ion batteries are expected to reach a market share of 94.4 billion US dollars, growing
from 44.2 billion in 202@¢1]. Lithium batteres 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 cuntenarketfor Li-ion batteries are from electronic devicis
is predicted that EVs will overtake the rechargeable battery market in the near lfuture
Canada, transportation has become the second largest source of carbon emissions which
can take up to42% of the overall emissiofi2]. Federal, provincial, territorial governments
and other stakeholdeirs Canada are working togetherdevelop aero-emissionvehicle
(ZEV) strategyto accelerge the adoption of ZEVs and alternative fuel vehicleslicies
such axash rebates for purchases, millions of doldmmvestment orcharging stations,
tax credits for businesses iy electric cars anéncouragingautomakerso makesales
guotashave been made by the federal governmé&here are about168,000electric
vehicleson road now, however,Transport Canada asro have 825,000 electric cars
registered in 2025, and 2.7 million in 203). Much effort hadbeenmadeto pursue better
lithium ion batteries witta higher energy density and excellent perfonceato deal with

the fastgrowingdemands of lithium ion batteries for EVSs.

Conventional Liion batteries have graphite as the anode material. Graphite has a

theoretical capacity of 372 mAh(§19 Ah/L). Sikbased anode materials gromising
1



candidates for the next generation ofikun batteriesbecause of their higher theoretical
capacity (3579 mAh/g and 2194 Ah/Land high earth abundance. Howeverb&sed
alloys suffer from huge volume changes dgrihe lithiation/delithiation process, which
can result in capacity fad€his thesis is focused on understanding and improviiaSed
anode materials for Lion batteries.Recent advances in lithivimon batteries with a
particular focus on anode matdsiavill be discussedA main goal of this thesis it
prepare nanostructured-Based allog with suppressed volume expansion, good thermal
stability, and good cycling performanck is hoped thasuchmaterias could enable the
practical usef Si-basedanode materialin Li-ion cells Thepreparation, characterization,
and use of BFe-O negative electrodes indion batterieswill be describedAs an outline

of this thesis, Chapter 1 gives a brief introduction to lithiombatteries, mainly focusing
on negative electrode materials. Chapter 2 outtimegxperimental techniques used in this
work, including material preparation archaracterization Chapter 3 describes the
electrochemical performance and thermal stability of therbidléd SksFeisOx alloys in
detail. Chapter 4 focuses on the electrochemical performance oiCHifedloys with
different iron content-ollowing studies on the optimized compositiorSeétFe;sOx were
discussedon Chapter 5Swhile Chapter6 discloses thepreparation of rachanofusion
derived SiFe-O alloy/graphite composite electrode material, it shows that advanced binder
and electrolyte additive is not required for the composite materials. Ciiaqatermarizes

the thesis and provides suggestions for titeré work.



1.1 Lithium-lon Batteries

Lithium-ion batteries haveeverabhdvantages over other battery types, such as high
energydensity (~700 Wh/L), longycle life (>1000 cycles), rapid charge capability, low
seltdischarge rate and high coulombic efficieftl7]. Theyarecommonlycomprised of
a cathode and an anode separated by an electrolyte containing separator, as shown in Figure
1.1. Lithium transition metal oxides, such as LiGpQiNixMnyCo,0, (NMC), and
LiNi0.eC.15Al0.0502 (NCA), are typicalcathode materials, while graphite is the most
common anodmaterial[8i 10]. A porous membrane separator is typically used to separate
the positive and negative electrodes. Tike 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 lithiom cells [11]. These are
solutions of a lithium salt in organsdvents. Lithium hexafluorophosphate (LiB)Fis
commonly useds the lithium salt and theganic electrolyte solvents normally consist of
ethylene carbonate (EC) and a linear carbonate, such as diethyl carbonate (DEC) or
dimethyl carbonate (DMC). The elealyte 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 LiMCare active materials. LiM&epresents a metal
oxide positive material, where M is typically @o combinations of Co, Ni, and Mn. In
these active materials, lithium ions can be reversibly incorporated in an
intercalation/deintercalation proceggen a Liion battery is charged, the activesttive
electrode is oxidized,i-ions are removed from tleathode, and together with electrons,

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



the flow of electrons. In this process, Li ions are extracted from kiki@l insert into
graphite. Upon discharge,-ions tiavel from a higher energy state in the graphite anode

to a lower energy state in the cathddeough the electrolytevhile transition metal ions

in the cathode are reduced. The electrons released from the anode transfer through the
external circuit to thecathode to balance the charge. The resulting current flow in the
external circuit can be used sapply powerln the intercalation/deintercalation process,

no significant structural change occurs in the LiM#D graphite hosts because graphite
negative electrode materials have a layered structure and Lip6itive electrode
materials have either a tunneled or a layered structure that can incorporate lithium ions

without significant structural distortion.

_ -—
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Figurel.1 Schematic of electrochemical process iittdum-ion cell, with a LIMG (metal oxide
material) positive electrode and a graphite negative electrode. Red, blue, green, and brown spheres
represent oxgen, 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 potéhtiean be expressed
as:

€ Q

whereeis the charge of an electramis the number of electrons taking part in the reaction,
and pathode@NdUanodeare the chemical potentials of the positive and the negative electrodes

with respect to lithiumrespectively, in electron volts (eV).

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

materials.

1.2 Cathode Materials
LiCoO2 was the cathode material in the first successful commercial LIB launched

by Sony in 199112]. Up to today, LiCo®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, LiFeP® a very lowcost material with excellent
cycling performance, howevetsilow specific capacity limits its application to ground
transport such as bus transportation. Cathodgerials forLIBs, especially for EV

5



applications, requirkigh specific and volumetric capacitiésgh potentials versus Li/Lj

high safetyproperty, high tap densit{the ratio of powdemasso the volume occupied by
the powdegfterthe vessel containing the powders beemepeatediytappedaccording to
ASTM B527-20), fast kinetics and good capacity retenfib8]. LIMO2-type layered oxide
cathodeswhere M representsansition metals (M) such as nickel, cobalt and manganese
(NMC) or nickel, cobalt and aluminum (NCA), are currently meistely used as positive
active materials for automotive batter{@8]. Ni-rich layered oxides and drich layered
oxideshave received lots of attention as poit@mextgeneration cathodes for LIRRie

to their low cost and higher discharge capacities compared to LiCtmWever there are
some challenges fd\i-rich layered oxideas cathode materials for LIBsuchagsl i f ycul t vy
in makinga welkordered material with all Riions, poor cyclability, moisture sensitivity,
safety propertiesandside reactions with electrolyf0].

1.3 Anode Materials

Lithium metal was used aan anode materiah the 1980s because @ high
capacity. However, safety issues have essentiafiged the use of lithium metal as a
rechargeable battery electrode. In addition, changes in the morphology of lithiung dur
cycling increases its surface area, leading to poor columbic effic[8hc®n the other
hand, graphite offers stable surface morphology, high volumetric capacity, low average
potential low potentialhysteresis, good rate capability, low volume expansion, good cycle
life, high coulombic efficiency, good electronic conductivityigh abundance, and
affordable cost. These properties make it an almost unbeatable anode rfigtgriabr

these reasons, graphgtil plays a mayr role in today's lithiumon battery industry.



Although graphite has so many advantagesterials with higher volumetric
capacity exist that could theoretically increase cell energy density beyond what is possible
with conventional Liion batteries usig graphite anodeBor this reason, metals and alloys
have been studied as anode materials since the B#0§&igure 1.2 shows the specific
and volumetric capacities of various-tetal alloys compared to graphite. This figure
illustrates why alloybased negative electrode materiaispaomisingand liss some good
candidate elements to be studi€dncerninghe specific capacity, Si is far ahead of other
metalsand abundant in the Earth's crust, giving it a significant advantage over others.
However, the difference amongst the elatsas less with respect to volumetric capacity.

Ge is slightly higher in volumetric capacity than sowever,the high costof Ge metal

(1000 USD/kg) hagrohibited its applications immostcaseq15]. 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 $ias by far the cheapest material

per unit capacity, making Si to be the main element to focus on. Besides the dgbired h
capacityand lowcostearthabundancepotentialwindow and low toxicity are also of great

importance when selecting the righ¢mlents to studfi6].
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Figure 1.2 Specific andvolumetric capacities of Li alloys compared to LiThe volumetric
capacities were calculated based on the fully lithiated volume. Reproduced with permission from
Referencd8], Copyright 2011 McGrawiill.

Table 1.1 Candidate kements for higkcapacity Liion battery anode material applications. The

commodity cost of metals in USKY, specific capacity of each elemdntmAh/g and capacity
normalized cosin USD/kAh are listed.

El emen|Price CapacifCapacity nor
USD/ kglmAh/ g [USD/ k Ah

Ge 100[015]11384 722

Graphi|92Q¢ 17]|372 1354

Sn 17.2[18] 960 18

Si 2.[719] |3579 057

It is worth noting that because all alloys undergo large volume expansion (up to
280%) during lithiation, it is essential to consider the traffldbetween 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 flgare is about the same at the given
volume expansiof20]. The maximum impra@ment in the energy density of full cells with
alloy anodes compared to graphite is about 202. This energy increase is deemed a
significant enouly incentive to encourage researchers to solve the problems associated with

alloy volume expansion.

Sn Pb

Bi

c* |

ENERGY DENSITY
AT 100% EXPANSION (Whicc)
(4]
T

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 Referen¢20], Copyright 2007 The Electrochemical Society.

1.4 Si-based Anode Materials

Si, with high theoretical capacity and higaréh 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 optimizb&ied 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 chi@igedhis
results in large volume expansion/contraction during lithiation/delithiation. As a result,
large amounts of capacity fade can agdoyust a few cyclesThe electrochemistry of bulk
Si has been studied by Obrow@l.[22,23] In 2004, Obrovac and Christensen performed
a detailecex situX-ray diffraction (XRD) study on the electrochemical reacof lithium
with silicon [23]. They confirmed the transition from crystalli® to an amorphous
structure upon lithiation and discovered the formation of crystallipSikibelow 50 mV.

This was an important finding becausesbis is a metastable phase that is not present in
the Li-Si phase diagram and only appears during @elesémical cycling. In a later study,

Li and Dahn performed an-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 dutittgation and delithiatiorj24]. Li et al. utilized

11%Sn Mossbauer spectroscopy to further understand the electrochemical reaction between
aSi and Li using Sn as probe at¢2b]. It was found that thewo sloping plateaus in the
discharge profile correspond to two arrangements of Li atoms in the host structure. The
higherpotentialplateau is a result of tions being inserted into environments where each

Li has Si neighbuars primarily. While at lowepotentials the Li atoms have Li neighbrs
primarily, meaning that their insertiopotential will be closer to that of Lplating

(occurring at O V vs. Li).
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The current understandings of-&i electrochemistryare summarized inthe Si
potential profilein Figure 14. As crystalline silicon is lithiated, it turns into amorphous
LixSi (a-LixSi, I in Figure 14) in a twophase region with a potential of about ¥, if
thepotentialproceeds below 50 mV, tlaeLixSi will crystallize to form LisSis (Il in Figure
1.4). During the firsdelithiation Li1sSis is delithiated to form amorphousxSi, a plateau
at about 0.43 V is observed because of thispvase region. At higherpotentials the
amorphous LdSi is completely delithiated to form&i. In the following discharge, if the
cut-off potentialis above 50 mV, silicon will remain amorphous, and a single phase region
is observed (IV in Figure 4), the reversil@ process is observed as V in Figuré, 1.
showing the delithiation process of amorphous lithiated sil[28i{24]. VII and VII in
Figure 14 are the two sloping plateaus during the lithiation of amorphous Si, as carefully
studied by Mdéssbauer spectroscopy in Raiee[25], the first sloping plateau at higher
potential represents the -Bi neighbars filling while the second corresponds toLli
neighbairs filling. Again, if the lithiationpotentialgoes below 50 mV, crystalline 1s5is

forms and a plateau will appear during the next delithigimential profile

11
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Figure 1.4 Potential profileof a crystalline silicon electrode cycled in a way to illustrate the
electrochemical conversion of crystalline silicon to amorphous silicon, amorphous silicon to
crystalline LisSis, and LisSis back to amorphous silicon. Reproduced with permission from
Referencd22]. 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 nmurcial
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 f§2l2). Referencg26] proposes three
possible mechanisms to explain the cell failure initiating from volume expansion, including
pulverization, delamination and an unstabldid electrolyte interfaceSEIl) layer. A
schematic diagram of the cell faie mechanism is shown in Figureb.lLarge 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 obsetvin early studies of bulk Si or Si filn{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 g€@i, various lithium alkyl
carlonates (ROCkgLI), LiF, Li2O, and nonconductive polymef29][30]. The SEI
conducts ions and insulates electrons, therefore protecting active materials from further
side chenical reaction$29]. However, for a Sbased anode, its large volume changes may
affect the stability of the SEI. The 8 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 SHlyer with high resistance. The properties of the SEI layer
directly determines an electrode's coulombic efficiency and electrochemical impedance. A

stable and dens®El layer is a vital factor for better cycle life of silicon anodes.

In addition, a twephase region might be observed in some cases during alloy
lithiation/delithiation. This will cause potentialplateau. Phase boundaries encountered
during twephase regions can result in additional particle damage due to inhomogeneous
volume changes, whilkthiation in a singlephase region results in more homogeneous
volume chang§l2][21][24][31][32]. In the case of Si, the formation of crystallingsBis
will result ina two-phase regionuring delithiation Since fade and twphase regions are
often coincident, it is thought that twahase regions should be avoided during cycling

[12].

13



Pulverization

Volume

2 Many
expansion cycles
—_— —_—
Delamination Electrical isolation

D

Many cycles
_—

Unstable SEI layer SEl layer Broken SEl layer Thick SEI layer

Many
w +Li* —Li* &O‘ o cycles {
— 1

Figure 1.5 Cell failure mechanism of silicon. Reproduced with permission from Refef2fte
Copyright 2016 Springer Nature.

1.4.2 Sicontaining Anodes

In view oftheabove issues of pure Si electredehas ben demonstrated that such
drawbacks could be partly overcome through electrode material design, including (1)
nanostructure designing2) making active/inactive phase-B(metal) alloys; (3) SiOx

materials; (4) making SC alloys and composites.

1.4.2.1 Mnostructure Designing

Unlike bulk silicon, nan€si can reduce fracture and improve cycling by decreasing
the mechanical stress generated during lithiation and delithii@2}f83]. Several nano
Si materials, including 1D Si nanowirg®}] and 2D Si nanosheets and nanowfds 36]

have been studied. It has been demonstrated that there is a strong dependence between the
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size of naneSi and its pulverizatioa threshold size df50 nrm) [37]. The movement of

the twophase boundary between the inner core of pristine Si and the outer sHell8ff a
during lithiation causs thepropagatiorof crackingin largesized Si nanoparticlg87].
Although the crackig issue can be partially alleviated by using r8ndelow the
threshold size, current bare Si anodes still suffer from capacity fade due to the high internal
stresses associated with the formation of crystallineSLi phase upon full lithiation
[38,39] In addition, nanometegized Si negative electrode materials suffer from the high
specific surface area and thus cause large irreversible capacity and refietiessaes.

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 LiPF, the resulting HF can react with Si, making the acBiveetwork become

electrochemically inactive, which is undesired in a good anode matrjgd1].

1.4.2.2 MakingActiveinactivePhase SiM(metal)Alloys

Active-inactive alloys represenanothemethod to deal with volume expansijdime
inactivephases caact as a matrix to hold the actighase upon the lithiation/delithiation
procesg33]. Stbased alloys are designed to be madactif’e Si surrounded by inactive
phasesThis design strateggan not only buffethe volume expansiobut also give high
volumetric energylensityand show loweaveraggotentialthan that of pure Si for a given
volume expansiof20]. It was also demonstrat¢hat confiningnanasizedsilicon in an
alloy matrixcansuppresgatrticle pulverization and reduces the surface area of Si exposed
to the electrolytd42]. Si active/inactive alloys can offer high specific capacity, high

reversible capacity, good capacity retention and goesSkisuppression, and therefore
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are good candidates for commercagplications of Sbased 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 electrodethat aremace of 3M V6 alloy particlesand graphiteare shown to

have improved cycling performanesen at a high loadingf 4.5 mgcn?. The graphite
blended electrodeshow superiorelectrochemical properties compared reat V6

electrodeg43].

Some other anostructured 8 alloys, such as SV [44], SFCr, SiMn [45], Sk
Fe [46], SiCo [47], SENi [48], SiTi [49] have been extensivelstudied as negative
electrode material in LIBAccording to stdies onSi-Ni thin films by Duet al, Ni was
found todepresshe lithiationpotential resulting in a reductioim capacity. Thigpotential
depessionwas attributedto internal stress in the thifilm during lithiation from the
presence of Nj50]. In the study of the STi system, inactive TiSiphase was fountb
effectively suppress the formation ofi§$is during cycling with no noticeable change in
the averag@otential(in contrast to SNi alloys), resulting in relatively low polarization
cycling. It is claimed that the 1§Sis phase suppression was coincident with good cycling
performance and good electrode structure maintenance upon lithiation/delitiatii-
Fealloy is one of the most studied-Bi alloy materials as anode materip$,46,51 57].
Fe has some fawsable popertiessuch ashigh abundancelow-cost environmental
compatibility, and high electronic conductivi4]. In addition,iron andiron silicidesare
electrochemically inactiveowardsLi, but withhigh electronic conductivitythus, they can

serveas conductive Linert matrices to buffer the volume changdsSi-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 wreachieved for ball milled Fe35i@C alloy howeverA capacity of 1010
mAh/g and a capacity retention of 948fier 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

Figure1.6 FESEM image at 10 kX magnification of an ion polisheassrsection of a 3M V6 Si
alloy particle showing compositional uniformity. Surrounding darker regions are graphite.
Reproduced with permission from Refererid@][58], Copyright 2014 TheElectrochemical
Society.

1.4.2.3Si0 Materials

Nanostructeed materials, such &iOx, which comprise micronsize particles
made up of nanometsize grains of electrochemically active Si and inactive matrixASiO
have beeriound to be very usefidnode material$59]. SiO« has relatively low volume
expansion, less side reactsowith electrolytethan nanosized Siand high capacity
retention during cycling. Moreover,dhphases formed during the first lithiation, such as
Li oxide (Li2O) and Li silicates (Li#SiOs) alsowork as a buffer matrix for Sixpansiorin
the following lithiation/delithiationDrawbacls of SiOy include its high cost anits high
irreversible capacity loss which is due to theversibleformation of lithium silicates

during its initial lithiation[60]. AmorphousSiOis commonlymanufacturedrom thevapor
17



depositionof silicon and silicon dioxide (Si(s) + S¥@)f 2SiO(g))in vacuum athigh

temperature$s9,61,62] Solid SiO is thermodynamically unstable at all temperatutes

will disproportionate into Si and Sg@uring heat treatmesit

Disproportionated SiO (&iO) are nanccrystallite Siembedded iramorphous
silicon oxide matrix[63]. In the disproportionated SiQincreasedsi® and St* valence
stateswere identifiedand St*, SP*, and Si** states decreasedesulting in different
electrochemical performance than thaaoforphous SiQ Thepotentialprofile of thefirst
lithiation of disproportionated SiOis similar to Si anodes due tdhe formation of
nanocrystalline Si in the reactid®4]. Park et al.found thatsuperiorcycling and
reversibilitywere achieved idisproportionated Sicat 1000°C compared to pristin8iOx
and dSiOx (800 °C). They explained asthe formation of weldistributed Si
nanocrystallites of 5 nm and amorphous,3i@trix[61]. Howeverfurther increase of heat
treatment temperature to 1200 causedpoor performancewhich possiblydue tothe
increasedformation d Si**-based amorphous suboxide which werertintoward Li
electrochemically. Thalisproportionated SiOat 1200°C showed almost no capacity
because Si nanorystallitesand amorphous SiQvere surround by inactive Suboxides
and could not reacwith Li [62]. However, it was found that aftdsall milling,
disproportionatedSiOyx particlesbroke into smaller sizeand Si nanarystallites and
amorphous Si@wereexposedgiving riseto excellent electrochemicperformancg62].
The oxygen contentin SiO¢ also plays an important role itheir electrochemical
performancg60][65]. It wassuggested that an increase in oxygen content of (8i®@Ox

01.3) candecrease electrolyteduction but oxides are subject to degradation by-acid
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etching[65]. Increasd x also causes lowmitial coulombicefficiency (ICE) due to the
formation of Li2O and LikSiOs. Cyding performance however, is improved with the
increase of the x values, indicating that stress and volume changengdur
lithiation/delithiation were accommodated by the oxide budi@und Si.Therefore the
optimizedelectrochemical performance 8iOx needs to be carefully considered either by
synthesis process or the control of oxygen contead. et al. have repode reactive gas
milling method to prepare SjQvith tunableoxygen conten66]. Theamorphous Sigs7
anode showed a vecpmparableycling performanceompared to a commercial SiBut
with a highervolumetric capacity (1800 Ah'Evs. 1400 Ah ) and ICE (70% vs. 55%)

as well as better rate capability (1648 mAh\s. 600 mAh & at 2 C)[66].

To take advantage of the high capacity and excellent performanceoh&i€¥ials,
a very common method is to addhall amounts of SiOto graphite, for example, a
reversible speciéi capacity of 39™Ah/g with 76% capacity retention after 200 cycles in
a full-cell systemwas reportedvhen blending 3vt% of SiOi oswith graphite[67]. The
blending of small amounts of §j content was thought to be a shtatm solution for the
quick adoption of Si@materials to minimize modifications of othegll components (such
as electrolyteand binder). BTR China has released a commercial@#phite composite
product with capacity of 66650 mAh/g[68]. It is also suggested that Si@re already
being used in batteries for Tesla electric vehif&. However,it should be noted that
higher SiQ contents lead to a large increase of irreversible capasggs in Lirestricted
full-cell system$43,70] Lots of studies from all aspects are still required in order to fulfill

the implenent of SiQ electrodes either by itself or in graphite compodifas.
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14.24 SiC Composites

Si-C materials are an importagpe of Stcontaining anode material tHadve been
widely studied. Carbon cadilute volume expansiongontribute to cell capacity, and
increase electran conductivity.Mechanical mixingball milling andpyrolysisare some
common methods to prepareGimaterials, whersilicon particlesare dstributed in the
carbon matrixCarbon coated Si particles have been intensively studied as an important
type of StC compositesConsiderablesfforts had been maden different sources and
approachedor carbon coatingCarbon precurge such as pitclfi72], citric acid [73],
polyvinylidene fluoride[74] and glucosd75]were investigated fopyrolysis process.
Chemical vapor depositiofCVD) has beendemonstrated as a promising appros&eh
improve the electrochemical performance eb&sed electrod¢g5i 84]. Yu et al. reported
a CVD carbon coatedapout 12 nnthick ) Si material cauleliver a specific capacity of
about 1600 mAfg at 0.3 A/g for 70 cycleswith a good rate performane&5 A g(a750
mAh /g capacity was ratned),compared to 240 mA{f for pristine Si[76]. They also
found thatdifferent thicknessof carbonlayerwill results in different performance the
specific capacity, cycle stability, and rate capabjlify]. A thick carbon layewasinitially
preferred towvithstand thenterface tensionHowever,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 elgolyte to silicon, causing poor rate capabiljg0].
Therefore a suitable thickness othe carbonlayer should becarefuly engineeed to
achieve goodbalance between capacity goatticle designThedesirablecarbon coatings
shouldnot onlyhomogeneouslgoatthe siliconparicleswith reducedside reactionallow

fasttransportof Li ions,improvethe stability ofSEllayer, but alsadeal withthe internal
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stressnducedby the volumechangesluring lithiation and delithiation processimprove

the structuraintegrity of the electrode

Some novel nanomaterial design strategies oiC Sinaterials have been
demonstrated, such as making Giyolki shell and pomegranate structuf88i 87] or
graphenesncapsulated Si particl§&8,89]with an impressivecycle life.For examplel.iu
et al.proposed &i@C yolkshell structurdoy employingthe SiQ sacrificial layerfor void
spaces and usinglydopamineas a carbomprecursor. As a resultjlison nanoparticles

weresealedy the5i 10 nm thick carbon shells witloid spacénside(U 40~ 50 nm). The

void spaceallowedthe silicon cores to expand withadisturbingthe outercarbon shell,
therefore maintaining the high specificcapacty 2800 mA h gi 1l at a r
cycle life with 74%capacity retention over 1000 cycles, asallombic efficiency of
99.84%[87] Suchnovel nanomaterial structure dessggeem very promising in terms of
improving cycling performance. However, théargescale production césends to be

high because of theeed to usélF, expensive catalysts and templates, aatdtively low
yields.In addition, reduced volumetric energy density freunchhollow structure should

also be considered for their commercial applicatiadks. et al have proposed an
architecture using silicenanolayerembedded graphite/carbon (as showirigure 1.7)

[84]. Both the silicon nanolayer and the surface carbon coating were produced via CVD,
which was likely scalable as claimed by the authbing. void spac@side the particlean
accommodatéi volume expansiomluring lithiation The @rbon coatingon the surface

candilute the volume expansion of the electrode, but also rediide rections of Si with

electrolyte andincrease conductivity and mechanical stability. This anode material shows
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a high first cycle CE of 92% with a capacietention of 96% after 100 cycle full cell
with this material vs. &iCoO. cathodedemonstrated a high energy density of 1043Wh/

[84].

The idea of Si/graphite or @iloy/graphite composite materials is to form a
nanocomposite that is made of electrochemically active species surrounded by graphite
phases. The nanostructure of such negative electraderial is considered to comprise
nanometesize active grains dispersed in a graphite maiaet al. produced@i/graphite
compositeby ball milling natural flake graphite and Si particl@$e resultingnaterial has
reversible specific capacitied 568 mAHg with a first cycle CE of 86%70]. However,
this Skgraphitecompositeonly has a capacity retention of 73% after 30 cycles due to the
incompatibility betveen the irregular particle sizes of Si and grapil@ao et al.[90]
prepared Salloy/graphite composite electrode materials via mechanofiagoshown in
Figure 18). Theresuling microstructurevas described &i-alloy particleswell dispersed
between graphite layer§his 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 matrixactsa buffer for Sialloy expansion and mayotect the surface of the alloy

from reacting with the electrolyteesulting thesuperior cyclability and rate capabjl[90].
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Figurel.7 Crosssectional schematic view showing the detailed structural characteristics of an SGC
hybrid particle. Reproduced with permission from Referef@4, Copyright 2016 Springer
Nature.

Du et al. demonstrateithat blending graphitevith Si alloy in electrodecoatings
allows calendring processing without particle fracture of the Si all8uchcalendered
electrods achieve increased energy density in full cells as compaieisowithgraphite
[43]. Commercial coatings are often calendered under high pressures to achieve
appropriatgpor osi ty (1071 40%), with improved el ect
adhesion, and electrical conductivif¥2]. Therefore, it would be verpromising if
electrodes comprising &jraphite or Salloy /graphite composite could be calendered with
no particle fracture without the need to incorporate additional graphite in the coating
formulation. Siliconrbased/C composites, such as ,&@bon/gaphite 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 silicebased materials such as giQ/Graphite ad Si/C/Graphite
have many inevitable parasitic reactions with electrolytes and exhibit large volume

expangn towards graphite. In addition, the selection of binders and electrolyte additives
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for such Si/graphite composites should be carefully considEmecexample, the high or
low content of Si may favour different binder chemistry or follow different interphase
chemistry when interacting with electrolyte8. homogeneous distribution aictive
particles with graphite anan optimized ratio betweeactiveand graphite materials still
need to be explore achieve a higher first cycle CE, less side reactions with electrolyte,

suppressed volume expansion, and good-galshdering propertig84].

Planetary
Milling

V7
.‘ Mechanofusion
“g‘_ _ Proc:esl,JsI i

L

KS6L

Silicon alloy | Graphite

Figure 1.8 Schematic illustration of planetary milled and mechanofusion dry gpsedeSi

alloy/graphite composites. Reproduced with permission from Refef@djceCopyright 2019 The
Royal Society of Chemistry.
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1.5 Other Key Components of Sibased Anodes
Besidesngineeringetteranode material other norelectrode componenis

lithium ion batteries, such as binderdgectrolyte 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 tanaintain mechanical and electronic integrity of electr¢é&f Good
bindess should have good adhesion to active material and current colledtoig ediat the
surface of active particles to prevent excesSikzéformationwhile maintaining fast Li ion
conduction; withstand dimensional changes by stretching chsaling; andmaintain
good electrical conductidd2]. In Stbased anodes, bindevgh high mechanical strength
are requiredo accommodate the large volume changes during lithiation/delithiatiole
maintaining the integrity of the electrad8ome polymeric bnders used for Salloy
anodes, such as polyacrylic acid (PAA) and carboxymethyl cellulG$4C}, can
uniformly cove and chemically bond to the surfaces of acthageriald12], good cycling
performances therefore expected-igure 19 compares the cycling perfoance of Si
electrodes made with different binders. Severe capacity fade was observed on the
conventionalpolyvinylidene fluoride (PVDF) bindewhile PAA binder shows good
capacity retentiorfrigure1.10 shows the proposed mechanism of PAA and PVDF binders
[92]. In the PVDF electrodehé PVDF forms a thin net of fine (<30 nm) polymer threads
alloy surfacds exposed to electrolyt@ndsevereSEI growthoccurredduring cycling (as
evidenced by.5 times higheresistancacrosgshePVDF electrodehicknes$. PVDF does

not chemically bond to the alloy particles or current collector and experiences severe
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swelling when exposed to electrolyWorse still, he electrolyte decomposition products
increase electrodenpedance and cause some alloy particles to become isolated. During
cycling the mechanical integrity of the electrode is furtiisruptedby alloy expansion,

alloy particles can easily become disconne¢®3j. However, when PAAased 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 durimgcling, PAA binders can be electrochemically reduced,
converting carboxyligroups to lithium carboxylates and forming a protective lager (
called artificial SEI), this binder covered Si surface can then impedes further SEI growth
[93]. Through the comparison between PAA and PVDF bindeespportance dbinders

in Sibased electrodés clearly demonstratedStudies onadvancedbindersthat can
improvethe stability and integrity of th8i-basedelectrodeduring lithiation/delithiation

process are of great necessity for the future applicationltodstid anode materials.
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Figure 1.9 A comparison of the @jing performance of Si nanoparticle electrodes using PVDF,
PAA, CMC and cros$s i nked PAAT CMC Dbinders. Rep@3.nt ed
Copyright 2016American Chemical Society
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Dry state I:> In Electrolyte |::> Lithiation I:> Delithiation

PVdF binds Si0 and AB. * Through-Thickness Resistance | « Electrolyte Decomposition |
Non-uniform coating of PVdF. * Adhesive Strength | * Isolation and Cracking of SiO

(b)

PAA layer

5
PAA covers and binds * Through-Thickness Resistance | * Electrolyte Decomposition | Excellent Reversihilit!

Si0 and AB. « Adhesive Strength | * Elastic-like Deformation against SiO
Volume Expansion

Figurel.10 Comparison of binding mechanisms between PVDF and PAA bindgiSiO 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 artificiall&lr, and
strong binder adhesioReprinted with permission from RdB2]Copyright 2011 American
Chemical Society

1.5.2 Electrolytes ancElectrolyte Additives

Both graphitic and Sbased anodes have low workipgpot ent i al s (0. 051
Li/Li 7), which are outside ththermodynamic stability window of most of electrolyte
components(solvents, Li salts, and additives)95]. Hence,decomposition of these
components is inevitabiuring cell ogration.The precipitation of the reduction prodsic
passivates the anode surfaces, which dictatesntbgphasialchemistry. In the pristine
state, both materials are in tbelithiatedstate, andSEI layer is formed in steps. This is
where electrolyt@dditivescan step iro do some useful workver the operating voltage
window. Unlike graphitic anodes, the native surfac&sbased anodesontaining redox
active passivating species, such as,%itd Sii OH [96], and these can irreversibigact

with lithium, organic solventsandlithium salts some of them being detrimental to the
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subsequent cycling performanéd.,97 99]. In addition the repeatedolume changef Si
electrodes upon lithiation/delithiation will result aontinuous SEgrowth which may
cause poor cyclingn response to such differences among graphite and Si arades,
must be paid whilelesigning functional electrolytend electrolyteadditivesfor Si-based
anode materiajsadditives that work well with graphitic anodes may not necesshely
suitable forSi anodebased electrode materigdO0].

Fluoroethylene carbonate (FE(S the most common additive in carbonbtsed
electrolytes for Si electrode$101i 103]. Sibased electrodes in FE&€ontaining
electrolytes were found to show excellent performance in both capacity retention and
coulombic efficiency as shown in Figure 1[104]. It is widely accepted that FE@erived
interphases seem to be denser and thinner, whereafé&idterhases tend to be more
porous and permeable by electrolyf@81,105] Ex-situ surface analysis of the cycled
electrodes shows thdhe additives are reduced to form a stable SEI composed of
polycarbonate,ithium alkyl carbonates, €Oz 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 retentif02]. However, it was reported that high
concentration of FEC can cause significant gas evolder 500 hourscycling, cells
with 6% FEC will produceabout10 timesmore gas thancells with 2% FEQ in Si
graphite/LiCoQ full cells compared to electrolytes containing YAD6,107] In addition,
the presence of LiF in the interphase is controversial and its advantage to electrochemical
performance is under discussiéior instance,@ne stutes haveargued that HF can cause

SEI degradation and transition metal ion dissolution from the cafth08¢
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Figure 1.11 (a)Specific capacity and (b) Coulombic efficiency versus cyclB@f rate as a
function of cycle for &Si thin film electrodes cycled in EC/DEC (red circles) and EC/DEC/FEC
(navy squares)Reprinted with permission fromdR[104] Copyright 2015 American Chemical
Society

1.6 Motivation and Goals of this Thesis

In addition to improved celperformance, soe practical considerations are
necessary for the development of useful anode matesiath acompatibility withlarge
scale production, compatibility with cathode materials edsustainability andost of
raw materialsin this thesisSi-Fe-O anode materials were preparedégctiveball milling
with the hopeof combinng the advantages of SiCand SiM alloys. Reactive gas ball
milling was selected asvery simpleandlow-costmethod to prepare the-5e-O anode
materials. The Ske-O alloys were incorporated into alloy/graphite composites to enable

cell manufacturers to utilize them as a dnopeplacement for graphite. The goal of these
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efforts being to enable largeeale production and practical idtion of SiFe-O alloy
anodes. In addition, these methods atso be extended for making other allayode
materials. This thesis describes the synthesis and structural characterization of these

materials and their evaluation for use as active anoderiaatin Lrion cells
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CHAPTER 2 EXPERIMENTAL METHODS
2.1 Material Preparation Methods

2.1.1Ball Milled Alloy Preparation
Mechanical alloying (MA) is a powder processing method to prepa@phous

alloys, nanostructures, supersaturated so8dlutions, metastable crystalline and
guasicrystalline phasé®m mixtures of elemental powddd09]. Elemental powders are
milled mechanically in highmpact ball millsresultingintermetallic phases witteduced

grain sizd110]. MA was developed in 197Qgith the purpose tdisperg nanosizeaxide

into nicketbased alloy powderd11,112] It was also found thatnaorphous alloys can

form in this ball-milling method. Since then, MAasattracted lots of attention fdhe
preparatiorof supersaturated solid solutions, amorphous alloys, nanostructured composites,
quasicrystals, intermetallic, and crystalline ph4$é8].

Milling
ball

./. Metal particles

Figure2.1 Schematic drawing of baflowderball collision

In the mechanical alloying process, batlwderball 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 timdingtgrain size is
achieved when thetie a balance between dislocation accumulation andndignacovery
or recrystallizatior{110,114] The mechanical properties of the processed powders, such
as their phase equilibria, and the stress state during milling, deteufiffieesnt behaviors
of MA processe$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 phases a norequilibrium, 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 balbwderball collisions, pure elenms 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 whg,®vere 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 solutiong116]. The gained energy could be the driving force for reactions that occur
during mechanical alloyingl17]. MA as an affordable, efficient, arftexible powder
processingmethod that has become popular for battery material syntf#49,118
127,51,128133,5357,77,117]

In this thesis, silicon(325 mesh, 99%, Aldrich) and iron (325 mesh, 99.9%,
Aldrich) powders in several stoichiometric ratiosi§&siFe, x = 5, 10, 15, 20) were ball
milled in a SPEX 800 mill (SPEX Certiprep, Metuchen, N.J.) using the optimized
conditions for high energy Bamilling described in Referendé34]: 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-oing seal removed prior tmilling. 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%® Commercial Alcohols) was used for sample
recovey. 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 6T @nd
for 3 hours under an argon flow.
2.12 Mechanofusion

Mechandusion (MF) is a dry powder processing methadich was developed in
Japan in the 19804 35]. Figure 2.2 schematically illustrates the main components of a
mechanofusion machine. It consisfs fixed pres$iead, a saper,and a roting chamber
During operation, e loadedpowder is forced outward towards thkamberwall, and
when thechamberotates, powdealso rotates along tleamber wall by centrifugal action
[90,136] When particles are passing through the gap between thehmadand the
rotating chamber wall, a high shear field is generated. After particles exit the diverging
space of the predwead region, they adhere to each otherteandel towardsthe chamber
wall. The scrapeiis used to remove any powder attached to the chiawdll. The sheared
powder mixture then moves towards the pitesad region agaiandrepeatedly undergoes

the process of compression, frictional shearing, and deagglomeration during machine
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operationf90]. MF canspheronizgarticles As an example, it igsed to spheronize natural
graphiteto preparenegative electrodg437,138] This dry powder progssing method can
also be used tooat soft/small particles tmlarge particle[136]. When particles pass
through the narrow gap between the ptesad and the rotating chamber wall, they may
strongly collide with each othegenerating hedhatfuses themtogethe{40]. Suchfused
particlescan then becoated oto the core particles by the rotary motion of the nucleus
particles andhestrong compressive forcashile the rotary motiorof the nucleus particles

is generated by friction between the particles [4Ble MF method can also be used t

embed small particles into large partid&86], which is its main function for this thesis.

O\

Rotating wall

Chamber

> Press-head

Scraper

Figure2.2 Schematic diagram @Mechanofusiormachine

In thisthesisa30 gmixtureof Si-Fe-O alloyandA3901 graphiteAsbury Carbonks
(weight ratio: 1:6)wasprocessed using an AWSF Mechanofusion System (Hosokawa

Micron Corporation, Osaka, Japan). This equipment was freddby replacing the
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standard stainlessteel chamber, scraper, and preead with identical hardened steel
parts provided by DPM Solutions, Hebville NS Canadey reduce wear[90].
Mechanofusion waeperatedat 2500 rpmwith a 0.5 mmscraper/wall gap, and a 1.4 mm

press head/ wal | gap.

2.2 Characterization Techniques
2.2.1 X-RayDiffraction

X-ray diffraction (XRD) is one of the most useful methods to study materials'
crystal structure. Xaysar e el ectromagnetic radiation
about the same scale as the distance between lattice planes in §189§tBbthstructural
and compositioal informationabout crystalline materials can be obtained by XRar
laboratory XRD measurementX;rays are typically produceéh a vacuum tube by the
interaction of high energy electrons with a heavy metakta@opper I radiation is a
common type oK-radiationused for XRD which is generated by applyindngh potential
(~45 kV)between aungsten filament cathode and a copper amodeacuumX-ray tube
Electrons from théneated filamentathode are accelerated towards the anode and strike
atoms in the copper anode. The core electrons of copper can be knocketectobns
from higher energy levels will drop down to fill the resultingcancis, resulting in a
photon emis®n with characteristic Xadiation wavelengths. The energy of the
characteristic Xradiation equals thenergydifference between the initial and final energy
states of the electroigradiation is emitted when electrons from an 2p orbital drop to fill
an empty 1s orbitaDue to the spiorbit interaction, two energy levels exist within the Cu
2p orbital: the 2p2 and 2p2 orbitals. Therefore, Ky radiation consists of and Ky 2

radiations. The Kitransition isgeneratedrom the Lz (2pz2) to theK (1s) orbitaland
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corresponds to a photon with a wavelength of 1.5405 A. Th#r&nsition is fromthe Lo
(2pw2) 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 betwe&w andK g yadiation i2:1, because
there arefour 2ps/2 orbitalsand two2py2 orbitals giving rise to a higheKg itransition
probability. Other radiations wit lower intensity such asgiadiation can be filtered out
with a monochromatorlt is difficult to separate Kiand Ky2with a monochromator
because their wavelengths are $ouilar. Howevernanocrystalline or amorphous samples
have broad peakandthe presence of iradiationhaslittle effecton ther XRD pattern.

Peaks arising zadiation in crystalline materials can be subtracted by numerical methods.

Receiving Slits

Monochromator

Divergent Shits

Detector

Antiscatter-slit

Sample

Focusing Circle

Figure 2.3 Schematic diagram of the Bra@yentano diffractometeishown with divergent slits,
antiscatter slits and receivingtsliReproduced with permission from Referefiet], Copyright
2015Camardese,.J
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Figure 23 shows a schematic of a Braggentano diffractometer. Once-pays
leave the Xray tube, they pass a divergence slit, which defines the size ofrdneb€am.
The X-rays then interact with theowder sample and get scattered from the electrons in
the sampl¢140]. When the scattered-bpays are in phase, constructive interference occurs.

The angles at which constructive interference may ca@given by

CQOEF ¢ _ (2.1)
This equation iknown as Bragg'slawwh er e n i s an 1 nt e gter , &
incidentr adi ation (1.54 i for CuKU), and d i s

sample. This relationship can be deriyiemm trigonometry, as shown in Figured2.

19
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Figure2.4 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 diiféerence in the distance travelled by beam 1

and beam 2 (AD + BD in Figure4).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 radiatiowith increased intensity. In a Bragentano
diffractometer, the diffracted beam then passes througkseattier slits followed by a

receiving slit and then a diffracted beam monochromator to filter out any radiation other

than CuKy radiation (e.g., G-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,
2d. At fva&lduewshiacah give constructiverayi nterf
intensity will be observedihe peak intensity is associated with a few factors, which can

be represented as:

O¢c— 0c¢—0¢— oOdm & dxOowc— (2.2)

where | 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 D&Wgier factor.

The Miller indices [ k) are used to define the reciprocal of thiercepts of a plane of
atoms with the unit celFor a set of lattice planes with Miller indicedpk, |, the structure

factor is defined as

odax o0 (2.3)

The structure factor Fh(k 1) sums scattering from all atoms in the unit cell to form a
diffraction peak (n atoms in totah, y, andz are the positional coordinates of each atom,

andf, is the atomic form factor of the atom. The atomic form factor is the scattering
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amplitude of Xrays by the atom. Atoms with different atomic number will scatteayé
differently. Generally, the atomic form factor increases with the atomic number of an atom
(more electrons)Atomic form factors have been computed as a functianiofn datea= a n d

available in the International Tables forRay Crystallography Volume [339].

The polarization factorepresents intensity reduati due to theolarizationof a
diffracted Xray in the plane of diffractigrwhile theLorentz polarization factaronsides
the dependence of scattering intensity on scattering angles. Multiptmityidersthe
scattering ofa set of planefavingthe smeinterplanarspacings. The multiplicitys the
number ofsuchlattice planes with a different Miller indéout the dspacings are the same

Forinstancea cubic unit celhas a multiplicity of 48for the set of h k1} (hU kU 1U 0)

planes The Deby®@/aller factorO & ¢— reflectsthermal 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 temperUsing

the above parameterdrictural 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 hyétierefinement

In this thesisXRD patterns were collected with a Rigaku Ultitwediffractometer
equi pped wi t h aX-raf tubeUa doah gasition idiffracted graphite
monochromator and a scintillation counter detector. A filament current of 40 mA and an
acceleratingotentialof 45 kV were used to generaterXys. Powder samples were loaded
into a stainlessteel sample well with dimensismf 25 mm x 20 mm x 3 mm on a

stainlesssteel plate and pressed flat with a glass slide to ensure a flat upper surface that
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was coplanar vifh 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 raiffe@80 A 2 d .
The collected XRD patterns were compared with the ICDD PDF2 database for phase

identification[141].

2.2.2 Scanning Electron Microscopy

Scanning electron microscog$EM) is a useful techniquéor investigating the
surface morphology of matersabnd conducting elemental analysis, if equipped with an
energy dispersive Xay spectrometerSEM imagesare produced fromnteractions
between the inciderglectron beam anthe specimenTwo major interactions can occur
when a high energy electron beam interacts with the speriet@stic scattering and
inelastic scattering. Béscattered electrean(BSE) arise whenincident electronsare
elastically deflecte@.e. negligible energy lo3srom the specimen surfacBSEs can have
an energy range from 50 eV to nearly the incident beam efie48) More electrons can
be back scattered from elementith higher atomic number, whichre accordingly
brighterin images. Therefore, SEM images produced from BSEsstawatomic contrast
allowing chemical composition informatioto be obtained142,143] When inelastic
scatteringoccurs the incident electrons losnergyby transferring some of their initial
energyto the specimenThis canresult in an ejection of an electrfmom the specimen
generatng secondary electronéSE) with energies that are normally less than 50 eV
[142,143] Secondary electrons are used principally for topographic contrast in SEM

imagessuch as surface texture and roughiesg)ing[142,143] SEsare mostly generated
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from regions near thgurface of a specimen and BsSife generated from regions that are

generally deepewithin the specimefil42].

Besides the SEs and BSEs signals that are used to generate SEM otieges,
signals aralsoproduced whethe incident bearatrikes a sample, including the emission
of characteristicX-rays, Auger electrons, and cathodoluminescefaseshown in Figure
2.5. For examplegcharacteristic Xrays are generatedutding the interaction between the
primary electron beam and the specimen, if a vacancy due to the ejeciSik a$ filled
by an outer shell electrdi42,144] Since each element has unique atomic structure, the
resulting X-rays generated are characteristic of each element. This charactefiatfc X
emission spectrum enables both quantitative and quantitative elemental aloyaltrses
energy dépersive spectroscopy (EDfchnique[142,144] In thisthesis SEM images
were obtainedusing a TESCAN MIRA 3 fieldemission electron microspe. This
instrument is equippedvith a secondary electron detegtar backscattered electron

detector, andn energy dispersive spectroscopy (EDS) system
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Figure2.5 Schematic diagram of several signalseyated by the electrespecimen interaction in
the SEMand the regions from which the signals can be detected.

2.2.3 Transmission Eletrochemical Mcroscopy

In contrast to SEM and EDS)ed transmission electron microscope (TEMjecs
transmitted electrons and radiatidizM allows the acquisition diffraction patterns and
magnified images from the same sample §t88]. TEM diffraction patterngan provide
unit cell, space groupnd grain sizénformation, while TEM images offemorphological
information.Grain size and orientation can also be visualized in images via lattice fringe
patternsThin specimens ahhigh acceleratingotential§2007 300 kV) are useth TEM.

TEM samples are normally thinner tha@0 nmbecause electrons interact strongly with

matter and are completely absorbed by thick partjdtis]. High spatial resaitionimages
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are therefore achieved from transmission signals of thin sampgliswing better

observations aitomic configuration within the nanostruct(it&9].

Contrast in th&'EM image is produced by the scattering of electrons due to their
interaction with atoms in the sampRright and dark areas refer to the density of electrons
striking the detectorBrighter areas correspd to where more electrons are transmitted,
while darker areas correspond to where electrons are scati@agke contrast can be
explained byseveral mechanisms: mass contrastcauseheavier atoms deflect more
electrons thickness contrast, due tlifferences insample thickness; diffraction contrast,
resuling from thescattering othe electron beantsy structural defects; and phasmtrast
[145]. TheTEM images in this thesigere taken frona Philips CM30 TEM. TEM samples
were prepared by suspendisgmple powders methanol, sonicating for about 5 minutes
then putting a drop onto a lacey carbon coated TEM grid.

2.2.4 Mossbauer Spdroscopy

The Mdssbauer effect was first discovered by Rudolf Mdssbauer in 1958. The
Mdossbauer spectroscopy employsrefol e e absor pt i eraysiagoldiste mi s s i
study the energy levels of nuclei in atoffSe can be used in Mdssbauer spEstiopy to
study the structure of Feontaining materials, because it has a natural abundance of ~2%
in bulk Fe. In addition, MGssbauer spectroscopy is a useful tool for probing nanostructured
material, which can provide complementary information to XRbhr&pies.

Co is used as the radioactive source’ife MOssbauer spectroscopy. A range of
o-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 ngjlthie Doppler
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effect. A typical Mossbauer spectrum is plotted as the transmission counts vs. the relative
source velocity (in mm/s). When the Doppteth i f-rayeedergg matches the energy of a
nucl ear transi t i orays arenresonandgbserbed) pdswdting it dne o
adsorption peak in the Méssbauer spectrum.

The isomer shift, quadrupole splitting, and Zeeman effect are three types of
hyperfine interactions in Méssbauer spectroscopy. These interactions can be used to probe
different Feenvimment s i n the sample. The isomer s
in s-electron densities of the source and sample. If the source and sample are in identical
chemical environments, theentreshift will be zero. Any difference in the-edectron
environment between the source and the sample will result in &emnresonant peak
shift. The isomer shift i s usuaHelWwasusek asur e
(isomer shift defined as 0 mm/s) in this thesis.

Nuclei with a spin quantum number gter than 1/2 have a n@pherical charge
distribution. The nosspherical 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 enetgyel. The splitting is called quadrupole splitting,
which produces two lines of equal intensity in the Méssbauer spectrunceftreof the
guadrupole splitting is theentreshift.

A nucleus with a spin quantum number | > 0 will interact whithmagnetic field
by its magnetic dipole momerhis 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
5'Fe) and/or, an applied magnetic field. This interactjpitssthe degeneracy of the nuclear

state into 2| + 1 states. In the casé&’Bg, the ground state spin quantum number is | = 1/2,
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this state is then split into two nalegenerate states: ml = £1/2. The excited state with a
spin quantum number of | = 312 split into four nordegenerate states: ml = +£3/2, £1/2.
This gives rise to six allowed transitions according to the selection(drgs= 0 or +1)

and accordingly, a sikne spectrum.

In this thesis, room temperati¥&e Mossbauer spectroscopy was conducted using
a SEE Co. spectrometer operating in the constant acceleration mode @b(Rh)
source. The velocity scal e was -Fefail Alldyr at ed
sample powders were loaded in a Z&&T sample holder.

2.25 Density Measurementg3asPycnometer)

Gas pycnometry is a neaestructive technique used to determine sample volume
by gas (an inert gas, such as nitrogen, argon, or heldisplacement, allowing
measurements of true sample dees. In this thesis, densities of samples were measured
with a helium pycnometer (AccuPyc Il 1340, Micrometritics) under isothermal conditions.
Figure 2.6shows a schematiiagramof the pycnometerThe major components are two
chambers: a measuremehamber of a known volumecd with a lid for sample loading
and a reference chamber of volumerVI'he 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 iwgir the valve between two chambers closed. Then
the following operations are performed automatically by the instrument. The measurement
chamber $ purged with He 10 times to remove possible moistlihe measurement
chamber is then filled with He gas tgp pressure £ 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 recordddhas P

volume of a sample Mmpis calculagéd by applying ideal gas law:

5
: : v
W ) )
L L

Where \Lei and Vier Were determined by calibration procedures as 2.88440ch9.1458
cm®. PressuresPand B are measured by the pressure gauge. Five measurements were
done on eaclsample and the average density of the sample is then calculated with the

acquired \¥ampand known sample mass.

v

— —®— @—

Figure2.6 Schematic diagram @f gas pycnometer.

2.26 Oxygen ContenDetermination (LECO test)
Oxygen contents of alloy samples were determined by LECO (Laboratory

Equipment Corporation) analysis by NSL Analytical ©feveland, OH The LECO
analysis measures the oxygen content in the for@®fand CQ using a nordispersve
infrared cell (NDIR)[146]. A pre-weighed sample (~0.05 g) is placed in a graphite crucible

and heatd 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 andCO». Gasesarecarried out by an inert gas (suchheium)with controlled flow
rate.CO andCQ; in the liberated analyte gases are detected WDIR cells. The gases
thenflow through a heated reagent, where the CO is oxidized to formAl®ther set of
NDIR cellsare used to measure the amount 0 @ONDIR 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. GIDIR cells are utilized to
providemore 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 carrieflgag.
2.27 CrossSectionPolisher

A Cross Section Polisher (CR)an instrumenising a highenergy argon ion beam
to remove materials from a sample surfaceprepare a cross section for subsequent
observation, sth as SEMFigure2.7 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 operationan argon ion beam is emitted from ion gun, perpendicular to the sample
The sampleis partially covered with a shielding plaa@dtheion beam cuts the sample
along theedgeof the shieldingplate The shielding plate is made of a material whiels
a slow milling rate, antheedge of the shielding plate itapedatthe desireaross section
position of the samplérhesample regiomprotruding from the edge of tishielding plate
getsmilled and the cross section at the edge of the shielding plate is exgitsethe
milling processFor sampleghat containing bothard and sib componentgheprocessing

rate of the At ion beamwill be different for materials of different properti€khis may
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causea streaked roughness. Stage sweag efficientlyreduce this roughnesmnd this
method is utilized when preparing cross seciamples in this thesi8Vorking potential

(0-8 kV), argon gas flow rate, and milling time are thiraportantparametersluring the
operation of the CPThe potential can affect theut width and removal rate. A higher
potential gives a wider cut and atsremoval rate. The argon flow can affect the argon
ion beam current. Both insufficient and excess gas flow can make the cutting beam
unstableFor a given potentialhere is a stable argon gas region8096 of the maximum).
Extended millingime can ncrease thdepth of thecutfor the same sample. However, the
long milling time may cause heat damage for fsegusitive samples. Extra care, such as
intermittent milling and sample thinning should be taken for such materials. Ablated
sample redepositionccurs whersome of the atoms removed by the ion beam reattach on
the surfaceThis redeposition mostlyuilds upon already sectioned particles on their side
nearest to the part of the sample currently being ablated. Redeposition results in ablated
materals covering over the bulk material that is intended to be exposed for observation by
SEM and can result in making cressction images difficult/impossible to interpret or can
lead to mistakes in their interpretatidih can be minimized by using smallsample
protrusions (less material to be removed) and using a fine milling (low current) mode to
clean the crossectioned surfacen this thesis, a JEOL HB9530CP Cross Section
Polisher was used to prepare smooth esesdions of specimens. Samples werass
sectionedat 6 kV with an argon gas flow of 5.5 (a unitless machine setoné0 min then

a fine mode (4 kV) for 5 min
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Figure2.7 Schematic diagram of a cressction polisher

2.28 Electrochemical Methods
2.28.1 Cell Construction

Coin cells were used to evaluate the electrochenttfe-O alloyssynthesized in
this thesis. To prepare electrodes incorporatingties-O alloys developed in this thesis,
powders of SiFe-O alloys were mixed with carbon black (Super C65, Imerys Graphite and
Carbon) and a 1096 aqueous solution of lithium polyacrylate (LIPAA) at a volumetric
ratio of 70/5/25 in distilled water using a planetba}i 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. Thealloy electrodes were gorporated into 2325 type coin cells with Li metal as
the counter/reference electrode and 1M LIFFASF) in a solution of FEC: EC: DEC
(1:3:6 by volume BASH electrolyte. The electrodes were separated by two layers of

Celgard 2300 separators.
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Figure2.8 shows a general schematic of a 2323 lithium coin cell made in this
thesis Cellsweremadein anargon atmosphere glovehdxrstthe electrodes and separator
were wetwith excess electrolyte in a stainless steel can. SpaszFesadded to applyra
appropriate pressure on the electrotiesnaintain good electrical contact. The bottom and
top casingsvere separated by a plastic gasket, to prevent electrical contact.vigehs

crimped twice to ensure a good seal.

Half-cells are easy to make andsgdo understand as a first evaluation step. All
materials prepared in thibesiswere tested in hakfells. Lithium foil was used as the
counter electrode so that the amount of lithium is not limdsgumingimpedance of the
counter electrode is smathanges in the measungotentialin a halfcell may be attributed
to changes from the working electrodéhe @pacity of a single electrods therefore
measuredCombined with excess electrolyte, the improved or worsened performance of
tested half cellsan be diredy related to the alloy materidiowever, 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, Chs defined ashte ratio ofthe cell discharge gacity and
its previous charge capacitfhe CE of a negative electrode material evaluated in a in a
half cell isthe discharge capacityver thecharge capacity of the previous hajfcle.
Variations in CE values can be caused by pheperty ofactive méerial, electrode
compositiors, cycling protocok (temperature, current rate, cutoff voltage), electrolyte
formulations andthe precision ottharger. Higher coulombic efficiency leads to better
cycling performance, especially in a full cell, g® amountof available Li ions and

electrolyteis 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 parftance in a half cell is not necessarily associated

with good CE performance.

@ Gasket
@ Spacer
) Li foil
© Separator

® Separator
- Electrode

@ Spacer

Casing bottom

Figure2.8 Schematic diagram of 232fype coin cell assemhly

2.28.2 Electrochemical @sts

Electrochemical techniques were used to test the performance of electrode
materials Electrochemical tests were performed using a Neware Test Syternycling
protocol is listed in Table 2.LCoin cells were cycled at 30°C, between 5 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 changgep 15 in Table 2.) to C/40 for the first cycle; and at a

C/10 and signature discharged to C(2@p 812 in Table 2.1jor following cycles.Cells
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were charged and discharged with a constant current until the updf potential(0.9

V) or the lower cubff potentiall i mi t wa s-rate' & aseditedeéscribetiie constant
current usedluringcycling. It is defined as the theoreticapacity of a cell (in mAh) over

the desired charge/discharge (in h). For instance, C/10 rttesetsarge/discharge current
requiredfor a cell to be fully chargedr discharged to reach its theoretical capaicit§0
hours In this thesis a signature discharge, which simulates the cycling conditions of
commercial lithiumion cells, were performed on all candidate anode materials to mimic
the constant current, constgmutentialcharging protocol that is typically used in full cells

[12].

Electrochemical measurements can provide important informaticech as the
working potentialwindow, capacity, energy density, rate capability and cyfielePhase
changes and diffusion behavior can also be interpreted from appropriate electrochemical
measurements. Those propertiesemgentiaparameters when evaluating the commercial
potential of electrode mater&al Potential curves are one of the msip important
electrochemical measurements. The measpogentialis plotted versus the gravimetric
capacity. The potential curve shows changes in the chemical potential as the
discharge/charge proceedgcording to the Gibbs phase rule, the degreesefiftm in a
closed system at equilibrium is defined as f = € + N, whereC is the number of
independent component® is the number of phases existing in the systamd N is the
number of any additional system variab]£48]. Forthe Li-Si binary system at constant
temperature and pressure, plateaus occur ipdtentialcurves when there is a twahase

region. This is because C =2, P = 2, & 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 thepotentialcurve indicates the existence of a siAghase region. In this case,
only one phase &ts. Therefore the number of degrees of freedom is one and thus the

potential can change with Li concentrat{a49].

Table2.1 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/20t0 0.9 V

7 Rest 15 min

8 Discharge C/10 to 5 mV

9 Rest 10 minutes

10 Discharge C/15to 5 mV

11 Rest 10 minutes

12 Discharge C/20 to 5 mV

13 Charge C/10to 0.9 V

14 Repeat step-13 for rest cycles

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

potential) allow small changespotential curves to be observed more easily. For example,
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plateaus in gotentialprofile (presence of twphase regions) correspond to sharp peaks
in a differential capacity curve, while sloping regions ipagentialcurve (single phase
region) result in brad peaks in the differential capacity. These characteristics are very
useful. For example, the formation of typbase regions during the cycling of alloys is
undesirable, as twphase regions cause inhomogeneous volume expansion and high
internal stressesyhich 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 observeeSk is
formed during cycling. However, the differential capacity plot of amorphous Si without
formaion of Li1sSis during cycling shows two broad peaks during delithiafidi®]. In the
presentstudy, suppression of LSis formationis expected fortte asprepared SFe-O

alloy, wheredQ/dV plotscould be appliedo verify this expectation.

Additionally, cycling performance plots, which show the capacity versus cycle
number, are very useful as well. Information including charge/discharge capagitghat
cycle, irreversible capacity, coulombic efficiency (CE), and cycling stability can be directly
obtained.After cycling tests, cells were dissembliedan Argonfilled glovebox alloy
electrodes were rinsed with DMC thoroughly to remoe@aining electrolyte. lon beam
polished cross sections were obtained with the cross section polishers€rtigsal SEM
images was then taken as described in section 2.2.2. By observing electrodes after cycling,

information such as alloy degradation atidictural 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 ideta

54



CHAPTER 3 SigsFe1sOx ALLOYS

3.1lIntroduction
It was introduced in Chapter 1 tha&lldadeassociated witlsi volume changesan

be reduced if nanostructured or amorphoubé&Sied alloys are used, which have reduced
volume expansion and in which thé.aSi - Li1sSis phase transition is suppressidn is

an excellent candidate as inactive component for Si alloys due to its high earth
abundance, low cost, and good conductivigt these reasonthe FeSi system has been
intensively studiedindpreparedoy various methodésuch as magnetron sputter;riogl|
milling, reduction, and spark plasma)recentyears[45,46,152159,5157,126]

However, Sibasedalloys still suffer from side reactions with electrolyte during
cycling, although the rate of theseactions is greatly reduc¢ti60]. SiOx has also been
extensively studied as amode material becauséreducedvolume expansion, less side
reactiors with electrolyte, and high capacity retention during cyg[®9]. However, the
first coulombic efficencyof SiOx is low because of th&reversibleformation of lithium
silicates [60]. In addiion, the preparation method of Si€an be expensive. However, it
was recently reported that SiGan be made by ball milling Si in 66]. SiO 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 treatsriegeimaeported
to improve its capacity retentioji61]. Also, this high temperature stabilitpakes it
compatible with carbogoating by chemical vapor deposition, which has been shown to
improve its capacity retention further.

Furthermore, it has been shown thaaoy particles made by ball milling can be
embedded within graphite particles by mechanofusion proce$9fig Ball milled

particles are ideal for this purpose, since they typically limary particle sizes of ~0.5
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em, which can be embedded into ~10 em gr
morphology. However, electrolyte can still permeate into such particles and react with the
embedded alloys, causing cell fade. Applying a caramating 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 subsetjyecarboncoated to eliminate electrolyte/alloy
interactions, while maintaining good cycling properties and low irreversible capacity. In

order to achieve this, the-8lloy should have the following properties:

T ~0.5 em primary particle size

i low irreversble 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
SigsFersOx alloys which combine the low irreversible capacity of\balloyswith the high
thermal stability of Si@ By making theSigsFeisOx alloys by reactive ball milling in air,
the target 0.5 em primary particle size <c:
alloy economical to producé&his synthesisvould bevery attractive from a commercial
point of view since Si@containng materials with enhancexll performancean besasily
processedlhe milling process introduces air as a convenient source of oxygen by simply
removing the @ing of a millingvial. Figure 3.1 shows the parts of a milling viauring
air milling period, air can flow in the vial though a hole in the cap when thadds not
utilized. Different milling procedures were used to study the effect of air exposure time,

which are shan in Figure 3.2.
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Figure3.1 Thedifferentparts ofa SPEX millingvial.

Ar{10h) Ar{2H) | Arldh)

A 8h) Air{aH) Ar{dh)

Ar{Bh) Ar{gH) Ar{dh)

Ar{th) Air{8H) Ar{dh)
r{2h) Air{10H) Ar{dh)

Figure3.2 Scheme of ball milling procedures for differ&8igsFesOx alloys

The resulting ball milled materials westudied as anode materials for lithitiom
cells The microstructure and the electrochemical performance of the prefigfessOy
alloysare discussed in detail. The introduced oxygen content was tqtigety followed
during milling, allowing the understanding of its effect on cell performalcgas also
hoped thaBigsFeisOx alloys couldshowgood thermal stability to enable higdamperature

thermal processing. Thereforar milled SigsFeisOx alloys weresubsequently heated in a
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tube furnace at 600°C and 800°C for 3 hours under an argomfidwheir microstructure
and electrochemistry were investigateatordingly

3.2 Material Characterization

3.2.1 Material Compositions
Figure3.3shows the oxygen content of thes5eis0x alloys as a function of time

milled in air. At zero milling time, the oxygen content is about 7 afA%reviousLECO
testidentified that the Si precursarontains8 a.% of oxygen impurity[49]. Therefore
alloysprepared with this Si precursor magntain at least 8 atomic % oxygen with respect

to their Si contentwhich is consistent with thexygen contenteportedhere for the Oh
SigsFesOx 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 chan@e 2 at.%)in the oxygen content even when the air
milling time was increased to 1D The same trend has been observed for reactive ball
milling of Si in air to make SiQin which the maximum oxygen content that could be
achieved by reactive ball milling was 3i&. 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 occurfl61]. Therefore, the samples range in composition from
[Sio.ssF&.159307 (Oh air milled sample) to [&éFe.15180020 (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 ® make FeSj 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 %if261]. 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 indicatieat the Fe contamination from milling

was insignificant compared to the overall Fe contg®. < 2 % of the total Fe

composition)
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Figure3.3 Oxygen content of &FeisOx alloys versus air milling timeThe accuracy of the LECO
method is +2%of the measured valder oxygen contents in the range 0f28% andt5 % of the
measured value farxygen contents the range of 0% (provided by NSL Analytical).

3.2.2 Microstricture studies

X-ray diffractionwas used to study the structure of each matéiigilire 3.4shows
powder XRD patterns of ball milleBissFeisOx alloys at different air milling times$?eaks
of known phases are indicatethe asmilled SksFeisOx alloysa e comp eeSe d o f
(PDF: 000892024),1 -FeSp (PDF: 06071-0642) andan amorphousphase consistent
with broad intensities consistent with Si or S0 H eRe®b is the high temperature

(>937 °C) stable phase of Fe&nd -FeSpis the lowtemperature stable phase (<937,°C)
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which can be found on Figure 33h e hi gh t-EeBiplmsedasiategagdial

crystal structure, with Fe and Si atoms arrangedangs of square lattices in a-BeSi

layer stacking sequence, and each Fe coordinated to eight Si atoms in a cube [55]. The
crystal st rRuecSiu2r ep hoafs et hies bBBeSi2 phase has i more . Th
disordered structure, with many partially apeed lattice positions. The coordination

number of Fe atoms is still eight, but the Si and Fe atoms are arranged in a highly distorted
cubeThe preferenti al FFeSb duairtg badl milling Fe amkeSiflas t a b | ¢
been reported previous|$1,162] Sanples prepared with different air milling times have

very similar XRD patterns, despite having significant difference$ at.% for 0-6 h

sampl®) in oxygen content, as discussed above.
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Figure3.4 (a) XRD patterns of &FesOx 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 regiongah
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The diffraction patterns of ball milleBissFeisOx alloysbefore and after annealing
at 600°C and 800°C are shown in Figldd The XRD patterns of 600°C annealed
SigsFe1sOx alloys are almost identical to the unhea®gdFe sOx alloys, indicating thaino
phase transitiaor crystal growthdetectible by XRDoccuss at 600°C. At 800°C, theheat
treatment causes crystallizatiortloé! -FeSp phase. The -FeSi phase exhibitBicreased
intensity and becomes the dominant phase in the XRD patterns for alit@snealed
alloys, while theU-FeSi peaks almost disappedfor alloys prepared with shorter air
milling times (0 h, 2 h and 4ha small shoulder appears at 2Bigure 3.4 (b)) on the left
of the mairj -FeSp peak (2— 29.19°),corresponding to crystallized &@11) 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 stabilityighly 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 diagranReproduced with permission from Referer{¢é3].
Copyright1993ASM International

Figure 3.6 showsSEM images of amilled SksFeisOx alloys. It was found that
SigsFeisOx alloys made with different air milling times have very similar morphologies.
The samples are all composed of submicron to misiped particles as significant size
reduction(> 10 % change in observed mean particle sce®urred during the mechanical
milling process. Increasing air milling time does not significantly change the morphology

of the SgsFersOx alloy particlesas could be detected by observation of the SEM images
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Figure3.6 SEM images of SiFeisOy alloys with different air milling times

TEM images of 0 h and 8 h air mill&ksFeisOx alloys are shown in Figui&7(a)
and Figure J(b). The images show dark regions that are abouR@Gm in size
surrounded by a lighter matrix. Dagkeas correspond to those that are elegaian 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 resuls suggests that the dark regions are Felsases, while the light regions
consist of Si or SiQ

Additionally,>’Fe Mossbauer spectraere obtained for 0 h air milleBissFersOx
and 10h air milled SigsFeisOx and are showin Figure 3.8(a) and (b), respectively. Both
spectracan befitted with adoublet which isconsistent witlthe presence dfeS, phases
[163]. However,the spect show someasymmetry which possibl corresponding to
paramagneti®anograined-e (a singlet)introduced from milling mediaNo significant
changegi.e.changes insomer shifandquadrupoleshift of the FeSi peakarewithin 4%)

can be found in th®l6ssbauespectrum after thmtroduction of oxygen. In particular, the
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characteristic sextet pattern associated witfOk@&vas not observed in all three alloy
sampleg164]. This result also indicates that in tBiesFeisO« alloys made herexygen 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)SigsFeisO«(0h), (b) SksFeisOx(8h), (c) 600°C annealed
SigsFeisOx(8h), and (dB00°C annealed &Feis04(8h) alloys.

In summary, significant differences in tB&sFeisOx alloys could not be detected
by SEM, XRD, TEM or *’Fe Mdssbauemeasurements, despite significant differences in
the oxygen contents in these sampléswever, dferences between the alloys became
apparent after the samples were heated. The diffraction patterns of ball mfessSk
alloys before and after annegrg at 600°C and 800°C are shown in Figure 3.4. The XRD

patterns of 600°C annealedssbieisOx alloys are almost identical to the unheated
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SigsFe1sOx alloys, indicating that no phase transitions or crystal growth detectible by XRD
occurs at 600°C. At 800°CGhe] -FeSp phase, which is the thermodynamically stable
phase at 800°C, crystallizes and becomes the dominant silicide phase in the XRD patterns
for all the 800AC aFeSipeaks @nostdisappeay. After haaking | e
to 800°C a distiat 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 highlgteaortel

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 ,Sil contrast to the samplevith 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 thestadility.

TEM images were also obtained for the hea®edFesOx alloys, as shown in
Figure 3.7(c)d) for the case of theSigsFeisOx(8h) alloy. In general, the overall
microstructure is welinaintained even after heating to 800°C. @aal.have found that
the isolated Si nanocrystallites in ball milled gi@aterials(prepared in a similar way as
the study conducted here) maintain their size (< 10 nm) even after heating to[@8°C
This may be similar to the observed behavior of the Si phase ingdte &Dx(8h) alloy.
However, the FeSiphases in th&igsFeisOx alloys create interference in TEM images,
making it hardo observe changes in the Si nanocrystallites during the annealing process.
From the TEM and XRD results, it appears that the 8@0fitealed samples with > 4h air
milling time comprise small (~10 nm) Si nanocrystallites and Fe&iocrystallites with

larger crystallite sizedzigure 3.9 provides a simple drawing of the possible microstructure
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the air milledSigsFeisOx alloys Further confirmatiorof this proposed microstructure

provided by the electrochemical studies below.
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Figure3.9 Proposed microstructure 8fgsFe1504(8h) alloys
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3.3 Electrochemical Performance of SigsFe1sOx Alloys
Figure 3.10 and Figure 31 show the potential profiles and corresponding

differential capacity curvegfirst three cycles) of the &FeisOx(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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Figure3.10 Potential profile®f SigsFeisOx alloys(at different air milling timejs milled and after

thermal annealing at 600°C and 800°C.

67



-dq/dv (mAh/gV)

Oh

Wh Oh
" 1 " 1 " " " " 1

1 1 " 1 " "
0 0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9
Potential (V)

Figure3.11 Differential capacity as a function pbtertial for thealloys shown in Figre3.10

Figure 3.2 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 inactiveSiOs during the first lithiation, any
FeSk phases are inactive and the remaining active Si can reversibly react with 3.75 Li to
form Li1sSis. This model has been shown to work well for ball milled Fa&d SiQ alloys
[51,161] and sputtered Ste-O alloys [56]. Here, the model also works well for the

SigsFersOx(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 delithiatio
capacities become reduced with increasing oxygen content at a rate that is faster than
predicted by the modelt is difficult to understand the reason for this. As will be shown
below, capacities become even further reduced after thermal treatmespdtulated 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 inv@i€re isolated Si species

also exist and the fraction of isolated Si increases with thermal treatment, resulting in

reduced capacitjp1]. Further details about the thermal treatment of thaswkes will be

discussed later.
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A small plateau at 0.46.65 V in the potential profiles (Figurel®) and a
corresponding peak in the differential capacity curves (Figut&) 3uring the first
lithiation is observed for all the air milled alloys and disappears ifotlosving cycles. In
SiOx made by reactive air milling, this first lithiation high potential plateau is believed to
be associated with the irreversible formation ofSiOs at oxygen defect sitd$6,161]

The potential and capacity of this plateau have been found to increthiseeveasing
oxygen contenf56,161] This was also found to be the case here. Figuishdws 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 increasaeeting

air milling time/oxygen contenthis is quantified in Figur8.14in which the amount of

Li inserted per mole of (Ssde&.15)1.xOx during the initial 0.48).65 V lithiation potential
plateau is plotted as a function of the oxygen cont&lso 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 Fig&je 3.1
The amount of Li extracted above 0.9 V has bglemwn to be directly correlated to the
amount of oxygen in ball milled and sputtered ,5[60,161] As the oxygen content
increass, 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 0f%iOa4 (Li:O=1:1) during he first lithiation.

This is also consistent with earlier studies of ,§i&®,161] This result shows that all of

the oxygen in tB sample can be converted to theSiOsphase, as in the case of ball milled
and sputtered SiOlt furthermore verifies the accuracy of the measured oxygen contents

in these samples.
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During the initial lithiation, subsequent to the high potential plateau, a sharp peak
at about 0.28 V in some tiie SisFesOx alloys was also observed. This peak has been
associated with a nucleation and growth process for the initial lithiation step38f.SAs
lithiation progresses, two broad peaks are then observed, corresponding to twplssgle
lithiation processes that occur for amorphous Si. During delithiation, two corresponding
broad peaks are observed which correspond to the delithiation of amorpHag§ Sio
pronounced peak around 0.43 V, associated withitS$is delithiation, were observed for
any sample, indicating LiSis formation is fully suppressed during the lithiation of these
alloys. The suppression of b5is formation is thought to be due to strgmsential
coupling between the active Si and the inactive phases-M &lioys [46,50,165]and is
thought to enhance cycling performance, since thepfase LisSis delithiation reaction
is avoided.

Figure3.16 shows the specific capacity vs. cycle number offallled SisFeisOx
alloys. SisFersOx(0h) suffers fromcapacity 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 resulif increased inactive phase and reduced volume expansion. The
inactive L+O species formed during the first lithiation not only can reduce the overall
volume expansion of &FeisOx 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 3.7 shows the CE plots of ball milleds§fteisOx alloys made at different
air milling times. The air milled samples generally have better CE performance than the
non airexposed SiFess alloy, indicating less side reaction with electrolyte during cycling.
Further improvements to cycling performance tenmade byncorporating these alloys

in electrodes with graphitevhich will be discussed in Chapter 5 and 6
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Figure 3.17 CE versus cycle number &igsFeisOx alloy made at different air milling timeair
milling hours are indicated in different colors.

Figure 3.10 and 311 also show the potential profiles and differential capacity
curves of SisFeisOx alloys as milled and after different thermal treatment. The potential
profiles of the 600°C annealed alloys are very similar to thmibesd alloys, excepting
that the initial lithiation high potential plateaus have become reduced in potential and in
capacity. The similarity between the asilled alloys and the 600°C annealed alloys reflects
the similarity also in the XRD patterns and TEM images of these sarfRplethe 800°C
samples and for air milling times less than 6h, the high potential plateaaisdrapletely
disappearedThis effect is associated with the healing of oxygen defects during thermal
processing161]. For theSigsFeisOx (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 pak is not present for &FesOx (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 oxygentaining alloys. For the 800°C annealed
sampleanilled 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 Wor longer milling times, when the high poteti
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 &FeisOx 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 of1k$is and indicates that this phase has been formed
during the previous lithiation hatfycle. The formation of LiSis occurs if theactive Si
phase in the alloy has aggregated or is poorly connected to the inactive phase and is
associated with capacity faf#9,46,50,51,165]The sharpest 0.43 V peak appears for the
800°C annealed 0 h air milled alloy, whéine crystallization of Si can be identified from
the XRDpattern (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 demonstted in Figures 3.4(b) andl®, alloys with higher air milling time are
more effective at suppressing Si crystallization during annealing and suppressBig Li
formation. The SkFesOx(6-10h) alloys are particularly thermally stable, with both Si
crystallization and LiSis formation being nearly completely suppressed in these samples

after heating to 800°C.
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The cycling performance of tl80°Cheated alloys are shown in Figu#.d8. After
heating, the alloys have a lower capacity than the uetiedloys. This is likely due to the
disproportionation of SO species to Si and inactive Sj@esulting in the isolation of
active Si regions, making them inaccessible towards lithiation, as has been previously
observed in heated Si{b1]. Severe capacity fade occurs for the heated alloys with short
air milling time. As the air milling time is increased (and Si crystallization an¢Sii
formation is suppressed), capacity fade is reducegahticular, the 800°C annealed
SigsFe1s0x(10h) alloymaintain 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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Figure3.18 Specific capacity versus cycle number offS#s0x alloyswith different airmilling
timesafter annealing to 800°C

3.4 Conclusion
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The microstructure of ball milleBissFe1sOx alloys were investigat 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 6He @&lectrochemical
behavior of ball milledSigsFeisOx alloys {with initial composition Si.esFey.15) made at
differentair milling times Q h, 2h, 4h, 6 h, 8 hand10h) was examined in Li cells. It was
found that increasingir milling time decreases the specific capacitytlas introduced
oxygen reacts with SHowever,increasingair milling time can help improve the cycling
stability and suppress the formation ofdSis. The10 h air milled SigsFe1sOx alloy shows
high volumetric capacity and good cycle life.

Theball milled SigsFersOx alloys wee thenheated to test their thermal stabilijo
significant changegno additional features in the potential profiles, measured capacity
within 5 %) can be observed between thetentialcurves of the unheated and 600°C
anneale®igsFersOx alloys whichis consistent with the XRD resul8ome of thennealed
alloys even show improved capacity retention. Although crystallization occurssnna
of the 800°C annealed alloys and a more noticeable plateau aV¥ (#Assented in the
potentialcurves, the 800°C annealed alloys still have good cycling stability with some
decrease in the specific capacity. It is also found thapdientialcurves ofSigsFersOx
alloys with higheroxygen contentre less affected by higkmperature treatment, as
evident by nosign of LisSis formation at 0.43V. In general,SigsFesOx alloys have
excellent thermal stability, even after being annealed to 8da3Cinstance, the 10 air
milled SigsFersOx alloy is an outstanding candidate among the examined dboyse in
commercial cells. It retains a capacity @00 mAh/g after 50 cycles with little LisSis

formation after higtemperature treatment
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CHAPTER 4 SiFeOy ALLOYS
4.1 Introduction

Chapter 3 discusses ball milledssEeisOx alloy microstructure and electrochemical
performance. All SFeisOx 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 sefe:gDx alloy
electrochemical perfornmae. 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 electrodd 68]. Ruttert et alprepared SFe alloys at different Si:Fe ratios
and different electrochemical performance were obtai®ddl Therefore, it would be very
interesting to investigate the effect of iron content on the electrochemical performance of the air
milled SiFeOy system. In this chapter, Si and Fe powders were loaded at difééoenic ratios
(Si, SbsFes, SioFeln, SksFeis and SgoFexo) 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
performanceln addition, the most promising comjitian was also prepared by ball milling
different starting materials (Si + #&; powders and Si©+ Si + Fe powders) under Atmosphere.

Their corresponding electrochemical performance and thermal stability were compared.
4.2 Results

Table 4.1 lists the chemical compositions of themdied alloys determined by EDS
chemical analysis. It is noted that the oxygen content igestimated because of the low atomic
number of the oxygeandits different interaction volumeomparedo Feor 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 idefied in the ironfree 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 usednuraete
the oxygen contentBased on LECQ@esults for oxygen conteand SEMEDS resultdor metals
contenf the compositions of theesulting alloyswere calculated and are listed in Tadl
(normalized to the Si content]lhese compositions are reprefsehin a ternary composition
diagram in Figure 4.1The influence ofthe Fe to Si ratioon the oxygen content was also

investigated and discussed below iSection4.2.2.

Table4.1 Chemical composition by[BS (at. %)determined for the ailled alloys.Standad Errors were
calculatedrom at least fiveeplicates

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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Table4.2 Compositions and measured densitiethefasmilled alloysdetermined by EDS and LEC®Bive
replicates were taken fodensitymeasurement

As-milled Measured Densities
Initial composition

alloy composition (g/cn)
Si SiOp 32 2.24%0.007
SiosFes SiFe 0700 3 2.620:0.004
SigoFero SiFe 12002 2.743:0.009
SigsFers SiF& 20003 3.242:0.006
SisoFexo SiFe.280044 3.574+0.007
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Figure4.1 Ternary composition diagram of ti&FeOy alloys prepared in this study, with intended iron
contentdabelled.

4.2.1Material Characterization
Figure 42 shows powder XRD patterns of ball milled SiBg Peaks of known phases are

indicated. In the XRD pattern of SiGy, amorphous Si as well as someay intensity from silicon
oxide are preseri66]. In SiFe.«7Oos, -FE&SE(PDF: 00089-2024) is formed, dut the reaction
between Si and Fe during ball milling. In Sik#o.» and SiFex000ma | | oy sFeSiP®E: h U
00-089-2024) and -FeSp (PDF: 06071-0642) are produced during ball milling.e r -€eSis

the high temperature (>937 °C) stable phak€&eSp andf -FeSp is thermodynamically stable
below 937 °CHowever, when the iron content is further increased, theSp phase becomes
the dominant p h a $eSp phasal almpst disagpear in thenXRD pattern of
SiFexs004.The pr edomi na-RdSpwasalsori@undiindall mided &He s prepared

by Cao et al. [4]They explained thahe ball milling processan introduce high level of defecis
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which favaurs theformation of thedisordered-FeSg structure However, the opposite dominating
phase was reported in &8iss, Fe0Siso, FexsSizs, andFessSiez prepared by a planetary ball milling
method [2]. It is not very cleavhatthe exact milling conditinsarefor the preferredformation of

the two silicide phases. But different initial compositions, milling parametsrgeratures, and

grain sizegan result in very different phase distribuson
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Figure4.2 XRD patterns of ball milled Sik&y alloys.
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Figure4.3 (a) Mdssbauer spectra ofB&-O alloys. The data are shown in circles and overall fits are shown
in solid red lines. If ) |l somer shift r el &e forvak spdctoa thatoverenfit toemp er a
distribution of doublets as a function of x in SiBg

*Fe Mossbauer experiments wecenduced to provide more details oBiFeOy alloy
phase composition asfanction of iron contentThe resultingVldssbauer spectra are shown in
Figure 43 The spectra show a quadrupole split doulled were fit to one quadrupole site
distributionusinga Voigtbased functionThe quadrupole doublet shifts to lower velocity twit
increasing Fe content, which indicates an increase in electron density at the Fe[BEEIBigIre
4.3(b) plotstheé s o me r as dfunttibn ofrod gontent. The value of isomer shift decreases
from +0.199 mm/s to +0.106 mm/s with inasing Fe contenA pr evi ous sReshdy pr e
and -FeSp by ball milling and aranelting tostudy theparameters of eadreSp phasg55]. The
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