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Abstract

Si-based negative electrode materials are promisingham batteriesHowever,
Si-based negativelectrode materials suffer from huge volurtgange, crystallization
effect (LisSia formation), unstable solid electrolyte interface during cycling. Preparing
Si/inactive materials and Si/C compour{dspecially carbon coated Si materias} two
efficient methodsto alleviate these problems mentioned abdM@s work focuses on
designng and developing new -Biansition metahegative electrode matesabi-Mo, Sk
TiN, and SiTi-N-O alloys were prepared by Ar milling,2Ng) milling, and air milling,
respectively.Composition, morphology, and electrochemical performancgi-tfo, Sk
TiN, and SiTi-N-O alloys were investigated. Thermal stability of these alloys was also
studied, since high thermal stability is an important requiremenpreparing carbon
coated Si negative electrode materials at high temperaupecliminary study otigh
temperature carbon coating preparation for these Si alloys studied in this thesis and related

issues were also discussed.
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Chapter 1 Introduction

The Nobel Prize in Chemistry 2019 was awarded to John B. Goodenough, M.
Stanley Whittingham, and Akira Yoshino, for their outstanding contribsititm
development of lithiumon batteries. During the oil crisis in the 1970s, many scientists and
engineers worked on developing lithition batteries. At that time, M. Stanley
Whittinghamtried to explore a new battery system, whé&i®: and lithium metal were
used as thpositive and negative electrogesspectively:? Thisis regarded athe starting
point for the development of commercighium-ion secondary batteriesnfortundely,
lithium dendrite formation on the lithium metal surface during repeated cell cycling could
result in serious safety issuescause of the generation of thermally unstable high surface
area lithium In 1979/1980Jahn B. Goodenough et. alsed LiCoQ; as thepositive
electrodefor lithium-ion batteries insteadf TiSiz, which is significantly important for
commercializing lithiurdon batteries* Five year later, Akira Yoshind s group
experimented usingetroleum cokasa lithium batterynegative electrodmaterial which
overcame the safety issues aflithium metal negative electrode® Based on these
discoveries and developmenBony was the first ttommercializdithium-ion secondary
batteriesin 1991 in which a petroleum coke andxCioO; wereused as the active anode
and cathode material$hismarkeda revolution in battery industry.

Lithium-ion batteriehavehigh workingpotential largeenergyand powedensity

and long service lifeThese outstandingharacteristics enablighium-ion batteries to fulfill
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various requirements for electric devicds a consequengcdithium-ion batteries have
extensively beempplied to portable information technology devjcpswder tools, and
hybrid/full electric vehicle$® If the majority of gasoline powered transportation can be
replaced by electric vehicles, gréemse gas emissions will be greatly redu®eth
addition, lithium+ion batteries may also be used in various grid energy storage systems,
which can harvest significant amounts of energy form wind, solarihggmal and other
renewable sources, making possible a fossitHiga society?

With the application of lithiurion batteries to more figs, lithium-ion batteries
should be continuously improvedneeet the increasing energy demarts.the aspect of
lithium-ion batterynegative electrodegraphiteis an excellennegative electrodmaterial
and has been commercializethce the 1990sTo further increase energy density of
lithium-ion batteries, plenty of studies focus on developiagative electrodmaterialsn
recent year$'!® Among thesestudiednegative electrodenaterials, Sbased materials
receive much &ntion due tosilicon'slargetheoretical capacitgndhigh earth abundance
However,some difficulties are still found with silicon, wiienake silicorbasechegative
electrode materialsto be unable to meet full commegal requirements.The main
difficulties found with silicon arehuge volume expansion of silicon during lithiation,
crystalline LisSis formation, and unstabkolid electroyte interphaseluring cell cycling,

which canresultin low coulombicefficiencyand poor cycling performanéé?!



This thesis is devoted tieveloping silicon alloyegative electrodmaterialshat
hopefully contribute to wide application of silicon alloys in commercial lithiom
batteies Various strategies were shownalleviatesome of the aforementioned problems
and they will be the subject of this theghs. an outline of the thesis: Chaptegivesan
overview oflithium-ion batteriesjncluding positive electrodes, neftije electrodes, and
electrolyte Silicon-basechegative electrode materialdll be discusseth detail, including
their advantages and electrochemical behavior, problems of sihesed negative
electrodes, ancefficient solutions to solve these problen@hapter 3 outlines the
experimental tools and theory used throughout this wGtapter4 describesphase
evolutionduring ball milling procesghermalstability, and electrochemical characteristics
of Si-Mo alloys. Chapteb presentsa new and cheap method poepare SiTiN alloys
through nitrogen gas milling,and theseSi-TiN alloys were expected tshow better
electroctemical performance than the conventionall i alloys made by argon milling.
Chapter6 focuses orthermal stability of SiTiN alloys prepared by nitrogen gas milling,
anda selectedample wasurther improved by carbon coating at high temperatthapte
7 describes electrochemical performance dhdrmal stability of Si-Ti-N-O alloys
synthesized by air millingChapter8 discissespreliminary result of high temperature
carbon coatindor some Si alloys studied in this thesis aathted difficulties Chapter9
summarizes thsilicon alloynegative electrode materials examined in this thesis and future

work in the related area is suggested.



Chapter 2 Background

22 Lithium | on Batteries
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Figure2.1 Schematic of a Lion cellwith LiCoO2 asthe positive electrode and graphite as

the negative electrod®ed, blue, green, and brown spheres represent oxygen ions, cobalt

ions, lithium ions, and carbon atoms, respectively.

A lithium-ion battery includes several identical-ibn cells connected in series

and/or parallelEach Ltion cell comprises a positive electrode, a negative electrode,

electrolyte, porouseparatgrand a cell can. Positive and negative electroaigtings
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typically camprise active material powders, binders, and conductive additives. The positive
and negative electrode materials are coated on aluminum foil and copper foil, respectively
The aluminum and copper foils are used as current collectorsptioaide electrical
connectionwith anexternal circuit An electrolyte usually consists ofithium salt and a
nonagueous organic solwenvhich results in arnionically conductivesolution, allowing
lithium ion transport between positive and negative electr&d8sparatos aretypically
made ofporouspolyethyleneand/orpolypropylene allowing lithium ions to pass through
while beingelectrically insulating?® The separatds sandwichedetweerthe positive and
negative electrodet® prevent a short circuitigure2.1 shows a schematttagramof a
Li-ion cell withLiCoQ; as the positive electrode and graphite as the negative electrode

In aLi-ion cell, Li ions move reversibly between positive and negative electrodes
during discharging and charging processes, resulting in interconversicgebethvemical
energy and electrical enerdy.Figure2.1,thecycling processsareillustrated During the
discharging processpontaneous reactions are driventhgchemical potentiatlifference
between positive and negative electroaesisinglithium ionsto diffuseinto the positive
electrode from the negative electrode through the separator. In order to keep charge
neutrality, electrons travel to the positive electrode from the negative electrode through an
external circuit at the same timauring the chargingorocessthe opposite movements of
lithium ions and electrons occdue to arexternallyapplied potentialThis results irstored

electrical energy in theell. For both disbarging and charging processkssjon diffusion
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has asignificant effecton the charge/discharge rawf a cell.?* It is alsonecessary to
maintain electrode structural stabilityring the insertio and extraction of Li ionso that
good cycle life is maintained* For the LiCoQ-graphite cell shown in Figurg.1, the

reactions ortheeledrodes and theoverallreactionare given by

LICoO2Z x " +xig + Li1zxCoQz (2.2)
xLit+xe+ y GCCz Li (2.2)
LiCoOz2+y CZ LixCy + Li1xCoO» (2.3)

The open circuipotentialof such a celin volts (V) can be expressed as
W _ (2.4)
where’ s am oand’ »: ¢ @rethe chemical potentiais electron volts (eVpf the positive
and regative electrodes with respect to lithium a&ns the charge of an electron.
The amount of lithium stored in active materials is measured in terms of specific
and volumetic capacity The theoreticabpecific capacity ¢, mAh/g) of a positiveor

negativeelectrode material can be calculated by
o= e 29)

Wheren is the number of moles of charge transferred during discharging or charging
corresponding to one mole active mateffails the Faradaconstant (96485.33 C/mo¥|
is active material molecular weight (g/mofheoretical wlumetric capacit must be

calculated at an active material's full volume expansion, to reflect the space that the material



will ultimately occupy in a real celllherefore, theoretical volumetric capaciiy, Ah/L)
of a positive or negative electrode material can be given by

n — (2.6)
Wheregs is thecorresponding theoretical specific capacity (Ah/kgk the density of the
active materiakkg/L), P is thelargestvolume expansion of the active materilring
lithiation (if cathode materials are fully lithiated in the initial st&és equal to O)Usually,
the volumechangeof positive electrode materialsan be negligibleduring cycling
However,manynegative electrode materiaigpically have significant volume expansion
after lithiation, so volume expansion should be consideredttieoreticalvolumetric
capacity calculation

Important metrics for assessingibn cellsare: specificenergy densityls) in
watt hours per kilogram (Wh/kghd volumetric energy densiti() in watt hourer liter

(Wh/L); andare given by

Y —— (2.7)

~

| (2.8)

Here[V ) - V)] is the working potentiadf theLi-ion cell in volts (V),q is the total charge
guantityin amp hours (Ah)m s the cell mass in kilograms (kg), ands the cell volume

in liters (L).



2.2t hium I on Battery Positive Electrod:ée

A brief introduction of psitive electrode material$s given in this section,
although positive electrode materials are not the focus in this tiesmsnercial positive
electrodematerialstypically includeLiCoOz (LCO), LiFePOs (LFP), LiMn204 (LMO),
LiNi0.8C.15Al0.0802 (NCA), and LiNkMnyCou-xy)O2 (NMC). Eachof these positive
electrodematerialshas advantages and disadvantag€®© hashigh energy density, good
electrical conductivityandlow self dischargeate*?° The theoretical capacity of LCO is
274 mAh/gwhen it is fully delithiated. Howeveanirreversiblephase transitionan occur
if LCO is over delithiated (LCoQ: (0 < x < 0.5))%® Therefore,only abouthalf of the
theoretical capacityf LCO can beavailable which is about 80 mAh/g. The main
drawbacks of LCO are toxicity and high cost owing to the use of cdletise ofLFP as
a positive electrode material was first reported in 1997on is naturally abundant and
nortoxic, which make LFP to be cheap and environmental friendly. A®has excellent
thermal stability,good thermal stabilityand long cycle fe.282° LFP suffers from poor
ionic and electronic conductivity, but these difficulties can be overcome through several
methods, such as doping met¢mentscarton coating, and nanosizing LFP particiés.

32 The energydensity of a lithium ion cell depends on the cell capacity and the average
working potential accordingto Equation2.7 and 28. Postive electrode materials with
large capacity and higaverage working potential are most likely to provide high energy

density for a full cell. Howevel FP haslimited volumetric capacity antbw average
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working potentia] which hampers its application ihigh energy densityithium-ion
batteries LMO was first reported in 1983 and was commercialized by Moli Energy in
199632 LMO is cheap and nontoxic. LMO has 3D lithium ion diffusion netwavkijle
some other positive electrode materi@dse 1D tunnels (likeFP) or 2D pathways (such
as LCO, NCA, and NMC) for Lidiffusion. The 3D lithium ion diffusion frameworks of
LMO contribute b its goodrate capability’® Difficulties found with this positive electrode
material are low capacity (theoretical capacity: 148 mAh/g) and poor cycling performance
at high temperartur€:>**>NCA has the largest specific capacity (discharge capacity: ~200
mAh/g) amongthe currently mature lithiuaon technologiesand it also showsigh
cycling stability at both room temperature and elevated temper&f€)2*3**However,
NCA is expensivebeause ofits stringent synthesis proces$é® NMC hasplayed an
important roléor commercial lithiumion batteriesn recentyears Thetypical commercial
NMC materials include LiNisMn13C01/302 (NMC111), LiNio.saMno.4Co.202 (NMC442),
and LiNio.sMno.3C00.202 (NMC532).For NMC materials, more nickel contributedaoger
capacity at the expense of lower thermal stability and shortelifeélihe, while higher
manganese content gives better cyclability but lower cap¥ditgmpared to LCO, NMC
materials lavesimilar or higher specific capacity, similar workipgtentia] and lower cas
due to the reduced use of colFlt.

To date, LCO, LFP, LMO, NCA, and NMC positive electrode materials have been

successfully utilized in batteries forelectric devices andor electric vehicles The
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productionof the positive electrodematerials wasover 180,000 tons in 2016, and is
expected to reach over 400,000 tons in 25250 is mainly used iconsumer electronic
devices, such as smartphones and laptdp®.is not a propriate positive electrode material
for electric vehicles, due to high cost abbalt and potential safety risks induced by
structure instability in the over delithiated st&t€ FP, LMO, NCA, and NMC have been
used by carmakers, such as Tesla, BMW, BYD, and Nig&ameotherpositive electrode
materialsare under developmenguch as Nrich NMC (LiNio.eMno.2C00.202 (NMC622)
and LiNio.sMno.1C00.102 (NMC811)), high energy NMC (HENMC), andhigh potential
spinel LiNio.sMn1.504 (HV-spinel),are promising positive electrode materials for lithium

ion batteriesvith improved propertie®

2.3t hi uBmatltoer y Negative El ectrode Mater
2. 30 hMautmanodes

Lithium metalhas a venhightheoretical specificapacity of 3860 mAh/gn the
1970s, lithium metalvas first used as the negative electrode in rechargettilsrimetal
batteriesas mationed inChapter 12Moli Energy developethe first commercidithium
metalbatteriesn the late 19808 Unfortunately, lithium metal negative electredeiffers
from safety problems*? This resulted in the cessation of commerciall ggoduction
During chargirg, rapid electrochemical depositiaof Li ions on thelithium metal surface

can lead tdlithium dendrites which have a branched structdfé?® Lithium dendrites
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continuously growuponrepeated charge/dischargeesulting in the formation of highly
reactive high surface area lithiunihis can leado a seriesof safety issuesLithium
dendrites can alsmake lithium metatletachfrom thecurrent collectorcausinghe loss of
electric contact angboor cycling performancdn addition, he formationof increased
surface aredithium, results inmore side reactions betweethe organic electrolyte and
lithium meta) which is detrimental to highoulombicefficiency and long lifetimé&? In
liquid electrolyte systemsheseproblemsfoundwith lithium metal negativelectrode are
difficult to overcome, and it is necessary to fiather negative electrode matesato
substitute forlithium metal In recent years, a lot afesearch hagocussed on the
combination of Li metahegative electrodeandsolid-stateelectrolytes, which would be a
promisingmethod for commercializingithium metalnegative electrode$ 46 However,
the application of lithium metal in soklistate electrolyteis not a part othisthesis and will

not be discussed here.

23. Zar baocne Ma s es i al

Carbonaceous materiaéabledlithium-ion batteres to becomecommercially
viable around30 years agoCarbonaceous materials have been extensively studied in the
recent decade$.>! As mentioned above, a petroleum cdiased material was used as the
negative electrode in the first commercialized lithiiom battery in 199.” At around the

same time, it was found that graphn eversibly intercalateleintercalatdithium ions,
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when a suitable electrolyte was usédcrom then ongraphite has become the main

negative electrode material used iridm batteries.

Figure2.2 A diagramof hexagonal (2H) graphite

Two types of graphite are used inibn batteriesnatural graphite anslynthetic
graphite Synthetiographites typically prepared through thermal treatmentrapditizable
organic precursorge.g. petroleum pitch)andfull graphitizationusually occurs at a very
high temperature (like ~300C).>***Figure 2.2 illustrates thenost common structuref o
graphite Within a single layeof graphite eachcarbon atoms bondedcovalenly with
three neighboring carbon atopfisrming ahoneycomb latticeSuch a singl&ayer is called
graphene Planar graphene layersre parallel to each otherand adjacent layers are

connected to each otheila weak van der Waals forcelSor he graphitestructure shown
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in Figure2.2, graphene sheets are stacked in the ABAB sequé&hisegraphite is called
2H-graphite® fi 2 indicatesthat the smallest repeating layeumberis 2, and AHO
represents hexagonastructure

As an important negative electrode material for lithitwm bateries,graphitecan
reversibly intercalateeintercalate Li ions during dischargiogarging.One Li ioncan be
insertedper six carbon atoma graphite forming LiGs, which isthe full lithiation state of
graphite under ambient conditioffsin this way, thetheoreticalspecific capacity of
graphite is 372 mAHg, which can be calculatedy Equation2.5. Since Li ions are
intercalated into graphite, the spacing between graphene layers is expanded, which leads to
a 10%volume expansion ofraphie after full lithiation?’°*® Based on the theoretica
specific capacityand the volume expansion, thelumetric capacityof graphite atfull
lithiation can be obtainedsing Equatior2.6, andis about 760 Ah/L

Graphite has low average potential Li*/Li, high Coulombic efficiencylong
service life and good electronic conductivitglso, the raw materials for graphite are earth
abundant and inexpensivEhese advantages maggephiteto beextensivelyused in Lt
ion battery negative electrodéghrough several decades of development, graphitdlis sti
regarded as one of the most importhiion battery negative electrode materjaad
significant research hdscused on improving the performance ofidn batteries with

graphite negative electrode¥>® Howeve, with the rapid developmerdf lithium ion
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batteries, researchers are pursuing substitutes of graphite for obtaining improved energy

density.

2.3. 3 4Tl01 2

Li4TisO12 (LTO) has been successfully commercializsia negative electrode
material for lithiumion batteries. In theotentialrange of 2.61.0 V vs. Li/Li*, LTO
experiences reversible lithiation and delithiatidhe theoretical specific capacity of LTO
is 175 mAh/gLTO hasa slight volume change 6t2 0.3%during lithiation/delithiation
so LTO is referred t.8%Rasedan thezhearetical spedifia i n 0
capacity of LTO (175 mAh/g) and its negligible volume change during
lithiation/delithiation, the theoretical volumetric capacity of LT&n be calculated and is
613 Ah/L. LTO hasa high working potential (1.55 V vs. Li/L), which brings some
benefitsto LTO. It helps to avoidithium plating resulting insuperior safety performance
of LTO. In addition,or gani ¢ el ectr dt gt éapramsdeadbmpgs .
el ect f agshe saurplme leow isva i/ L5PTle pas sfiivian iitslygec al | e
sotfeildectrol yte Acnttievrep hlaistesh i (@SmmdIsfboenei Nn $EL 0
f or mawhiiocnhl echadn capacity degsr &mre .edoiwfeivileerd, h iISEEr
formation can be avoidedddeirthisogb tLdpdt d tad ahu .at
Besides, the cycle lifetime of LTO ig to 20,000 cyclesvhich is10 timeslongerthan

that of graphite®
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Tere asemea bl Ifeonrgelsmdi ch | imit its appli
batt el Deshe highest posGTjb!l ¢ eaghlomegcedcad fr 6 1c
condudg<livsecmmt room ) emmer dticuaipgadd Vériauy e
strategieshave been proposeahd explored to improve electrochemical performance of
LTO, includingsynthesizing nanosized LTO, doping with metal or-nmmntal elements,
and surface coating using conductive matefaig%® In fact, nanosized. TO anode
materials have been successfully applied for commercial lithium ion battaraddition,
somesidereactions between LTO and the&rolytedo occur during cycling, resulting in
gas formatior?® Preparing carboooated LTO can be used to solve this problem, but
carbon can also catalyze and accelerate SEI formation, especially at higratenag’®
In tetms of negative electrode materials, large capacity and low working pctesaial
contribute to high energy density fiull cells. Unfortunately LTO has low specific and
volumetric capacity and high working potentiahich maks it difficult for LTO to meet

the requirements of high energy density cells.

234Act Evement s

To meetgrowing energydemand researchers keep pursuinggative electrode
materials with larger capacities. Some elemdrage reversiblelectrochemidareactions
with lithium, which makes it possible ftieseslements to beegative electrode materials

Unlike graphite that reversibly inserti ions via intercalation processethe lithiation
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processes of thactive elements involvereaking and refonation of bonds in the host
structue.”* One mole inserted lithium leads to an approximate 9 mL volume expansion for
acive elements that alloy with lithiurft. The reversible reactioof active elements during
lithiation/delithiationcan be expressed as:

@, E- @At | E (2.10
Where M is an electrochemically active element with lithium, and x is the electron transfer
number.

Volumetic capacities andpecific capacities of selected active elememts
shown in Figures 2.3(a) and (b), respectively. The specific cgpatdulationsarebased
on fully lithiated phasesf these active elemenét room temperature:’28 Among the
active elements shown in Figure 2)3(Si has the highest specific capacity of 3579 mAh/qg,
which is almost ten times that of graphite (372 mAh/qg). iost applicationsbattery
volume is much more important than battery weight. Therefore, volunoaipacity is a
more meaningful figure of merit foregative electrode materialhevolumetric capacities
shown in Figure 2.3(a) are obtainadthe state of full lithiatiowf these discussed active
elements. It can be observed that\tbkimetric capacities ddll theseelements are much

higher than that of graphite
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Average potential is another important metric to evalusgative electrode
materials.Figure 2.4 shows the average potentials. Li*/Li of lithium insertion in the
selected elementé Mg has a very low average potential v&/Li, which is not desirable
since this can lead to safety issues induced by lithium deposition during cell cycling.
Negative electrode materials with very high averétfgation potentiat are also not
desirablesuch as Bi and Sb. This is because when a positive electrode is chosen, a negative
electrode with low (but not too low) average potential can lead to higimediic energy

density ofthe cell, which is very important for commerciallsel
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cathode: 70% v/v LiCoO,; t* = 55 pm
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Figure 2.5 Cell stack used tonodel the impact of differemegative electrodes on cell
energydensity Reprinted with permission from Referent& Copyright 2014 American

Chemical Society.

Obrovac et al. proposed a model for evaluating the impact of different negative
electrode materials on cell energy slign’® This model is based on a full cell stack, which
is illustrated in Figure.5. As shown in ReferencE3, cell stack energy density in Wh/L
using the cell stackanbe expressed as:

2% O o (2.19)

Where gr and gr are the volumetric capaéés in Ah/L of the positive and negative
electrodest™, t., t., andts are thickness of thpositive electrodeoating (55 um), the
current collector for the positivelectrode 15 um), the current collector for the negative
electrodg(15 pm), and the separat¢20 um), respectivelyN/P is the negative to positive

electrode capacity ratighe value of N/P is about 1112 in commercial cells, and N/P of
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1.1 is used irthis mode), andV.,and V., are averageotentialsof the positive and
negative electrodes in \h order to highlight the effect of the negative electrodes, LiCoO
was chosen as the positive electroggerialin this model which has volumetric capacity
of 757.5 Ah/L(specific capacity:150 mAh/g; density: 5.05 gfand an averageotential

of 3.9V. In this modelLiCoO2 accounts for 70% of the volume thie positive electrode
coating.Here,the impact of thenegative ectrode material shown in Figur@.4 on cell
energy density was studied using the model mentioned ablogeegative materiah the
negative electrodes also assumedccount for70% of the coating volumeStack energy
densities of thesaegative elecbde materialsare calculated based on theieoretical
volumetric capacies(Figure2.3(a)) and average potentidfsgure2.4), and theesults are
illustrated in Figure2.6. Compared to graphite, Bi and Sb have much larger volumetric
capacities,but just show a little improvement in stack energy denditys is mainly
because Bi and Siavehigh average potentials, agntioned abovd=xcepting Bi and Sb,
the other active elements shown in Fig@ré contribute tomuch larger stack energy
densitesthan graphiteand the stacknergy densitiebor Ag, Mg, and Si are higher than
theothers. Howeverhe averagpotentialof Mg is toolow, as discussed above. In addition,
Ag is muchmore expensive than Si. Therefo8 is of interestind will bediscussed in

detailin thisthesis.
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23. 5lii ecBasMdt eri al s

Silicon is very likely to be extensively applied text generatiomegative
electrodes in L-ion batteriesAs discussed abovslicon can reversibly react with lithium
at an appropriate average potential0.4 V vs. Li/Li") and has very high specifiad
volumetric capacities (3579 nindg and 2194 Ah/L). fie use ofSi negative electrodas
expected to increasthe energy density oli-ion cells Besides,Si is plentiful and
inexpensivelt has also been shown tHahiated Si has lower reactivity witblectrolyte
solvents than lithiated graphite.In this section,the electrochemistry of Sduring

lithiation/delithiation the challenges of Si negative electrode matefvalume expansion
21



during lithiation unstable SEI during cycling, arible effect oftwo-phase regios), and
how to overcome these challengeil be discussedin recent decades, Si alloygative
electrode materials have receivel much attentionfor improved performance Hence,
Si/active and Si/inactive negative electronaterialswill alsobe discussedidetailin this

section.

2.3.5.1Electrochemistry bSilicon during Lithiation/Delithiation

The electrochemical performance of Si negative electraslésghly susceptible
to temperatureAt 415 °C, as the amount of inserted Li iomereases, LbSiz, LiiaSie,
Li1sSis and Li2Sis form sequentiallp?® which is consistent witlhe Li-Si equilibrium
phase diagrant? However the electrochemical behavior of IBtgative electroddés much
differentat room temperatur&@he potentiatcapaciy profile of bulk Si powder is shown in

Figure2.7, and some related reactions are as foll#ws.

land I cr-Si ¥ aliySi ¥ cr-LisSi(y = 3.5 + 0.2 (2.12
1E cr-LitsSis ¥ aLisSi ¥ &Si (zmax= 2.0 (2.13
IV: aSi ¥ aliysi Y aliySi (2.14
VI: aLliySi ¥ cr-LisSi (2.19
Forther eact i on ®indichtes\acer, y siitcarl | i n eindigdtea ane

amorphous phase. Durirtige first ithiation, bulk Siundergoes a twphasereaction with
22
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Li to form aLiySi (I in Figure 2.7). The fully lithiated phase of Si is 1dSis at room
temperaturdll in Figure 2.7), which corresponds to a specific capacity of 3579 mAh/g.
This is contrary to the original knowledge that2Bis is the fully lithiatedphaseat room
temperaturgbased on the LSi phase diagram. In 1sSi4, Si atoms are isolated by Li atoms
andreside irequivalent crystallographic sité8 Metastable LisSis is not presenin the Li-

Si equilibrium phase diagram, and turns into other phaseéemperatures ithe range of
200-350 °C 887 All crystalline phases in the 1$i equilibrium phase diagram are not
formed duringroom temperaturbthiation becauseheir formation is kinetically hindered.
During thefollowing delithiation of LiisSis, a potentialplateau at about 0.45 V can be
observed in the Il region of Figuz7, which represents a coexisting phase region (cr
Li1sSis and aLi Si). Finally, aSi is produced after full delithiation, which meansScican

be amorphizedafter one complet lithiation/delithation cycle®®®® In the subsequent
lithiation, the cut offpotentialis limited to be above 50 mV. Two amorphous phases are
produced and no 4ri1sSis forms in this situation (IV in Figur@.7). However, when the
cut off potentialis allowed to be below 50 mV,-tii1sSia is present after lithiation (VI in
Figure 2.7). For the lithiation of pure Si, it is deemed thats8is crystallizes below 50

mV.8
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Figure 2.7 Potentialcapacityprofile of bulk Si powderReprinted with permission from

Reference34. Copyright 207 Electrochemial Society.

2.3.5.2Challenges of Silicon Negative Electradaterialsand Mitigation Strategies

One main challenge of Si negative electrode mateisabi volume expansion
duringlithiation. As discusseth sectiorn2.3.4, one mole inserted Li iorsauses an increase
in volume of 9 mL imactivealloyingelemens. Since the fullyjlithiated phasef Siis LiisSi
at room temperatureSi undergoes ahuge volume expansion of 280% after full
lithiation.*®"* In commercial cells, the tolerance for negative electrode volume expansion
depends on factors such as cell constituand types foelectrolytes. @mmercial cells
cannottolerate the huge volumexpansion of Si after full lithiation. In additiorthe
lithiated Si contracts during delithiatiofithe strainduring contractiormay causesome

active particlsto loseelectrical contacand consequentlycell fade'>%%2 One possible
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methodto reducethe totalvolume expansiors to prepare Si/inactive alloyshich will be
discussed in sectiah3.5.3.

Two-phase reactions are deemed to be detrimental to cell performance of Si
negative electrode matersalAs statedin section2.3.5.1, a two-phase reaction occurs
during the initial lithiation of c¢iSi (like bulk Si).It has been reported thatvery sharp
reaction frontduring cr-Si lithiation was detected by transmission electroncroscopy
(TEM).%3%4 The reaction front induces high stremsthe twophase (ciSi and alLiySi)
boundary, which was studied lay theoretical modéP This may cause active particle
pulverization leading to cell fadélso, asharp reaction frorduring the first lithiatiorof
a-Si was still observed, which is similar to that 0f3i°° However, aSi has a more sloping
initial lithiation potentialplateau than eBi, which suggests lower internal stresses between
two phags and less possibility of Si particle fractufberefore, &5i generally has better
structure stability than €8i during cell cycling® In addition the delithiation of LisSis
also undergoes a twghase reactigras discussed in secti@8.5.1, andis detrimentato
cell performanceas well!®18 Obrovac and Krausatroduced amethodto cycle crSi
electrodesn order to avoid hase formatiof* The crSi electrodewas first partially
lithiated to reach a certagapacity. Then, througbeveralconditioning cyclesmore c¢Si
was converted to-8i, but theelectrodestill consistsof cr-Si ard aSi. After these
conditioning cyclesthe electrode was fully delithiated, and theycled with a lower

potentialcutoff abovel 70 mV. In ths way, only aSi was cycledvith nofurtherconversion
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from cr-Si to aSi, andthe formation of LisSiscan beavoided!® With this cycling method,
the crkSielectrode can be cyclédr over100 cycles havingtableperformanceln addition
to limiting the cutoffpotential the formation of LisSis can be suppressed by preparing
Si/inactive alloys’-*8which will be discussed in secti@®8.5.3.

Irreversibleconsumptiorof Li ions isanothercause of fadéor lithium ion cells
with Si negative electrodeSElcanform on negative electrode surfackiring cell cycling,
resulting inlithium ionconsumptionAl t hough t he SEI | eacdasn t o s
p r o tative materials from further side chemical reactiSrEhereforeast abl e SE|
cruci al fourpheveetltecg r,olsyohetlhdaetigo mpad ibteil o rf
obt aHowdvers, dittficult to keep a stable SE
cycling. Because the formed SEI l ayer i s
delithiation (opr ovomd usnes sc oafarne arde sedIt)s tirno d e
being ,exlpoasckidng to more SEI f Apmayadamban tF
coatoimilyga sreedgati ve el ectrode materials i s r¢

keep a stable SEI, wh3 &h3wi | be stated in

2.3.5.3 Silicon/Active and Silicon/Inactivélloy
Many Si/active alloy negative electeghave beemvestigated in Lion batteries
such as SC,190101 Sj.5n 102104 §j.7n 105 and Si-Ag alloy negative electrodeg®1%7

Si/active alloy negative electrodes have different electrochemical performance from the
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parent elementsAmong Si/active alloysSi-C alloysare promising, whicltombine the
high specific and volumetric capacitiegSi with the stable structure and good conductivity
of C108110 Carbon coated Shasel negative electrode materials haveeiged much
attention,as theycanavoi d t he @xapesiuipek bdc tdood ykeep a
stabldaurSklg c®Beveyal i nogmmon met hods are af
coatinbawead Sparticles, such d$hehmai cabhpw
deposttalfsn,carboni zati on efasecar P&irlideicd ewr. s
al. prepared a SC composite with a pomegranate structidfed conductive carbon layer
encased a single Si nanoparticle and provided enough space for the nanopastuato
and contract during lithiation/delithiatiofhis special structure &a lowoverall particle
suiface area, resulting iow and stable SEbrmation. Highcoulombicefficiency (99.87%)
and volumetric capacity (1270mAh/éwere obtained and the reversible capacity reached
up to 97% even after 1000 cyclékwever the prearationmethodof the StC composite
is very complicated, so it cannot bgsed in commercial cells.

Si/inactivealloys can be prepareudth Si and inactive elements psecursorsdy
ball milling,}*"11° or sputter depositioh'®12° During the alloying processilicides are
generally producedBased on thermodynamicsijlicides can have displacemetype
reactions with Lit?*?2However, aroom temperaturananysilicidesoften are deemed as
electrochemically inactivehases in Lion cells!?® Fleischauer et akuggested that the

silicides in sputtered 9 (M=Cr + Ni, Fe, Mn and Co) films were inactiv&:12*Of course
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there are exceptions. For exampianceNiSiz prepared by ball milling has a maximum
revasible capacity of 500 mAh/g. The nahiSi2 was characterized by-gitu XRD during
cycling, andhe XRD peaks dNiSiz disappeared aftdithiation, which indicated thatance
NiSiz is active'®®

As stated in sectio2.3.5.2, alloying Si with inactiveelemens can be used to
suppress the volume expansion during lithiationthis way, Si is diluted by inactive
phases(the inactive elements and produced inactive silicides) the total volume
expansion of thalloys during lithiationis reduced® The formula shown below can be
used to calculate the volume percentaf&i in a designe®i/inactivealloy, at a given
fully lit hiated volume expansidh

POT 1 GIEAIT T T-U p mhr (2.16

Heresrandsoare the given volume expansiontbéalloy and the volume expansion of Si
at the state of full lithiation, respectively. When the gifidhlithiation volume expansion
is 100% the alloyshouldcomprise36 vol.% Si.Alternativeto using an active/inactive
alloy to limit volume expansion, the same effect might be achieved by simply limiting the
cgpacity of a pure Si electrod€o compare th effect of these two methodslhcells for
pure aSi ard the Slinactivealloy were madeFigure 2.8 shows thepotential profilesof
the aSi (curve A) and the Bnactivealloy (curve B) half cells. The averagetentialof

the pure &Si electrodas higher than that of the Snactivealloy electrode Therebre, at a
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givenvolume expansiora Si/inactive negative electrodan providea higher volumetric

energy densityor cellsthanapure aSi negative electrode.
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Figure2.8 Comparison betwan two methods uddo suppresgolume expansion to 100%.

Reprinted with permission from Refererék Copyright 207 Electrochemical Society.

It is found that anostructurel Sifinactive alloys can suppress LbSia
formation®"*8asdiscussed in sectich3.5.2 Du etal. prepared SNi alloys by sputtering,
and the formation of LiSis was suppressed® Similar phenomena were found in sputtered
Si-B andS-Fealloys27128and ball milled SiCu andSi-Ni alloys 12°13%The possible reason
for this is thatinactive phases indudagh mechanical steses during 8nactive alloy
volume expansion, which leads to a negative shift of lithigtiotential As stated above,

the LiisSis crystallizationfor pure Siis at lowpotential(about50mV), soLi1sSis formation
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can be suppressefl the negative shift irithiation potential is less than ~50 mV
Interestingly, the delithiatiorpotential of Si/inadive alloys usually do nothange
significantly,*2%13%hich is presumably because strérssn contraction during delithiation

can be released by Si alloy particles fracture.

2.4 thium I on Battery Electrolyte

In a lithium cell, electrolyt@lays a key role in transporting lithium ioback and
forth between the positive electrode and the negative electffbdemost commonly used
electrolyte consists & mixture of carbonate solverdada lithium salt There are many
requirements for ideasolvents, such asigh salt solubility, low viscosity, and good
interfacial stability on negative and positive electrodéswever,no single solvenhas
been found to meaetl the requirements mentioned abovéhyiene carbonatéEC) is the
most common lectrolyte solvent componeffior lithium ion cells, which has good salt
solubility but high viscosity3! Therefore, EC is typically combined with anotbarbonate
solvent with low viscosity, such aBethyl carbonate (DEC), dimethyl carbonate (DMC)
and ethyl methyl carbonate (EM&)The mostcommonsalt used idithium ion cells is
lithium hexafluorophosphate (LiBFdue to its good ion conductivity, good solubility, and
high chemical stabilityin carbonate solvent$?* Two main drawbacks have been found

when using LiPEfor lithium cell electrolyte, which angoorthermal stability andhoisture
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sensitivity*2 135 LiPFs can react witliraces of water im lithiumcell to produce HFand
HF can corrode passivatj films, electrodematerials and other cell past3413>

As stated abovean SEI forms due to electrolyte decomposition on electrode
surface during lithium cell cycling, whichnvolvesirreversible lithium ion consumption.
The SEI hasacomplex compositiont is mainly madeof Li2COgs, LiF, Li20, lithium alkyl
carbonates (ROCADI), and nonconductive polymet$*it is desireable that theEIl has
a high ionic conductivity andow electronic conductivityandpassivates againsrther
SEI formation'®* If the SEI thickens during cell cycling, it could lead tacreased
impedanceandcontinuous consumption of lithiurons. Usingadvanced lithium salts and
electrolyte additiveare good strategies to kettye SEI stablefor obtaining improved cell

cycling performancé3’138
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Chapter 3 Experimental Techniques

3.1 Material Synt hesi s

(b)

=3
I
e
=

Figure3.1 (a) A setup for N (g) milling, including a modified ball mill (Spex Mixer Mill
Model 8000D), a M(g) cylinder, and a water cooling system. (b) A mill vial fer(y) and

air milling.

In this thesis, Si alloys were prepared using mechanical milling. Si powder
(SigmaAldrich, 325 mesh, 99%) and another powder (such as Mo powder (Alfa Aesar,
250 mesh, 99.9%), Ti powder (Alfa Aesar, 325 mesh, 99%), or TiN (SAgdvach, < 3
em)) with different st oi c hstadimgenaterinle 0.5nmlt i 0s
total vdume of the starting materials was loaded intoithvial (SPEX CertiPrep, 65 ml,
hardened steel) with 180 g stainless steel balls (d = 0.125 inch). A high energy ball mill
(Spex Mixer Mill Model 8000D Spex CertiPrep, Metuchen, NJ) was used to prepare Si
alloy samples. The sample preparation conditions described above were optimized in a

previous worki*® The milling atmospheres used for this thesis were A(gN or air. For
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milling in Ar, the milling vialswith powders and millingpalls were flushed with Ar and
sealed in an Afilled glovebox. A glovebox filled with d(g) or the setup shown in Figure
3.1(a) was used foraNg) milling. As shown in Figure 3.1(afhe ball mill was modified

by enclosing the entire mill in a sealegter chamber equipped with a gas inlet and outlet.
The gas inlet was connected to a compressed nitrogen cylinder via a gas regulator and
flowmeter. The gas outlet was connected to an oil bubbher mill containers used for2N

(g) milling were modified as illustrated in Figure 3.1(b). Theing seal of the mill
container was removed and a 0.125 inch hole was drilled in the container clamping ring.
This arrangement allowszg) to enter the containers freely during millingf boes not

allow the escape of the powder contents of the mill. The mill containers with powders and
milling medias were flushed withaNg) and Ar before being put in thex ) glovebox

and the setup shown in Figure 3.1 (a), respectively. After thecomthiner was place in

the setup shown in Figure 3.1 (#)e outer chamber was sealed andd) was purged
through the chamber in order that the air inside was displaoedir milling, the mill vials

used were the same with the ones fei(dy milling, and the sample preparation occurred

in air. The milling time is typically 41L6 h. After milling, about 20 mL of ethanol was added

into each container and the containers were milled for another 5 min in air. Powder samples
were then obtained by collectitige ethanol/powder slurries and drying them at 120°C in

air for 26:30 minutes.
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For thermal stability investigationspme ball milled samples were heated in a
tube furnace under flowing Ar. The temperature of the furnace was increased from room
temperature at a heating rate of 10 °C/min, to a target temperature of 600 °C or 800 °C.
The target temperature was then maintained for 3 h. The samples were then naturally cooled

to room temperature under argon flow.

3. 2raXy Diffraction
32. Xr ayf fDiatTheony

X-raysare a kind of electromagnetic radiation. WaveleagfimostX-raysare in
the range of 0.01 ~ 10 nanometers, which correspond to frequencies ranging frdfn 3x10
to 3x13°Hz and energies ranging from 100eV to 1MaWe wavelengtis of X-rays are
between ultraviolet (UV) rays and gamma rays. In fact, there are no obvious boundaries
between regions itheelectromagnetic spectrum and thecatled boundaries are arbitrary.
X-ray diffraction (XRD) is an important applicatiaf X-rays, which is a nodestructive
analysigechnique. It can be used to analyze crystal structures, chemical compositions and
other physical properties solids.

In an XRD instrumentX-rays are produced invacuumX-ray tube withan anode,
a catlode, and a Wehnelt cylindétigh voltage is maintained betwetre cathode anthe
anode (such as Cu, Mo, AgndFeetc), which can drive electrons toward the anode with

very high velocity.The Wehmelt cylinder is in front of the cathode, which is used

34



focusing and control of the electron bedbollision between the electrons and the anode
can produceX-rays with differentwavelengths which can forma continuousX-ray
spectrumIf the voltagebetween electrodes is high enough,electron can b&celerated

to quite a high velocity before it reaches the anode. Such an electrsuffitient energy

is able toeject an inner shell electrédrom an atom of the anode, which leads tceaited
atom witha hole inthe inner shell.During the subsequeneaxcitation of the atomthe
hole is filled by an outer shell electron. At the same timé&-aay photon is produced with
an energy equal to tltifference inelectronenergy leved, which resultén the emission of
X-rays with a characteristic wavelehdt® Based on the name of the filled inner sheH,

rays can belassified as M, L and K.

Figure3.2 Formaton processes of Cu K-rays
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When X-rays encounter any substance, they are partly absorbed. The degree of
adsorption is proportional to thé-ray wavelengti?*! SinceM and L X-rayshavelonger
wavelengthshan KX-rays, theyare more easilgbsorbedvhenpassing through materials.
Therefore,only K X-rays aretypically applied toXRD. Cu is one of the most important
targets to produck-rays, and several formation processes &f-Kays are shown in Figure
3.2. The electron transition from M (3p) to K (1s), s (2psr2) to K (1s) or L2 (2p12) to K
(1s) can produce a CwKCu K or Cu K X-rays, respectively.

Ideally, monochromatic-rays should be used for XRD. However, the beam
produced inX-ray tube consistof Ku, K, Kb, M, L and continuousX-rays. The
wavelengthof Ku X-rays is very close to that oKw X-rays. Thesecan be difficult to
distinguish so both of them artypically used for XRD. For KX-rays, a filter can be
employed to reduce their intensities. The filter is made up of a material wathsarption
edge between thepland Kywavelength of a targeSuch dilter material can absorb a large
amount ofKp X-rays and a small amount ot -rays. The atomic numberof the filter
material is usually one or two less than that of the tangaterial'** However, a
disadvantage of the filter is that it cannot reduce@itinuousX-rays and the transmitted
radiation is not verynonochromaticTherefore, single cryal monochromators are often
employedSingle crystal monochromators aeleto produce transmitted radiation with a
narrowerwavelengtrdistribution and are applied in some XRiludiesvhere accuracy is

crucial
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IncidentX-rays should havewavelengh comparable to lattice plane spacings of
a target sample. As shown in Fig&8, two beams oK-rays with an identicalvavelength
can be scattered by two different atoms in the sarfplkelow beam travels an extra length
of 2dsird comparedtd he hi gh beam. I f 2dsind is equa
wavelength of theX-rays, destructive interference occufs2dsind is equal toan integer
multiple of the wavelength afieX-rays, constructive interference occurs Bnd a gLgvd
is satsfied

€ _ ¢Qi Q¢ — (3.1)
whereads thewavelength of the inciden-rays, nis a positive integed is a lattice plane
spacing of the sample, adds the acute angle between the incidéstays and the ttice
planes. In this way, a characteristic peak of the satyypieally can be observed in i86€RD
pattern. Since there are many families of parallel planes with different interplanar distances
in a phase, a series of characteristic peaks can be present-naytpattern. The phase can
be identified by matching positions of these characterigakp with a reference XRD

pattern.
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Figure3.3 lllustration of Brag@s Law of diffraction

Grain sizes of the crystalline phase can be estimated by the Scherrer equation,

which is shown below.

L — (3.2)

Here,K is a dimensionless shape factor (0.94 is used fior this thesis)g-is the X-ray
wavelength (0.154 nm in this thesil)js full width at half maximum (FWHM) of@aXRD
peak in radiansB is instrumental broadening in radians (0.001745 used here)f end
angle between the incideXitrays and the lattice planes in radiaRsus,highly crystalline
solids have sharg-ray peaks, whilematerials with small grain sizes and amorphsnl&ls
have broaX-ray peaks.

Different types of detectors are used to determine the intensityray radiation.
Scintillation countes arevery sensitive detectsiof X-rays. Suchdetectorscomprise a

combinationof a phosphor screen or scintillator and a photomultiplier tube. Whex-the
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rays strike the scintillator, it produces visible light. The photomultiplier tube is used to
convert the visible light into voltage pulsésother type of diector is a 1D silicon strip
detector.For this type of detectors, silicon strips are arranged in a 1D array with narrow
spacing intervals, and can detect difraced ay s f or di fferent® 2d an
Strip detectors drasticalgut downmeasuremeritme by increasing active area of capture,

and it is an ideal means to characterize a latgeberof samples in a short time or an in

situ measurement witthynamicconditions. Finally, @ XRD pattern of a target sample can

be obtaind, which is plotted as the intensity as a functiondf 2

3.2.2 Char a&teey iIiaftfiroanc thiyon

In this thesis, XRD patterns were collected using a Rigaku Ultima IV
di f fract ome tXraysouicd, &graphitediffradted beam monochromator and
a scintillation counter detector. A current of 40 mA and an accelerating voltage of 45 kV
were usedo generatX-rays. XRD patterns were recorded in the range of 10° to 80° or 20°
to 80A 2d with a step of 0.05A betwe»xn eac!|
20 mm x 3 rm) and a specifically designed sample holder (Figure 3.4) were used for XRD
characterization of air stable samples and air sensitive samples, respectively. The sample
holder for air sensitive samples has ansraped aluminized Mylar window, which allows
X-rays to get in and out perpendicularly to the window and does not interfere with the

detected XRD peak positions. Air sensitive samples were placed and sealed in the special
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sample holder in an Alilled glovebox so that the samples can be protectedrrdiuring

XRD measurements.

Figure3.4 XRD sample holders for air sensitive samples.

323X-ray Diffraction Quantitative Phase Detert
One approach used for XRikased quantitative phase analysis involves XRD
intensity and intensity factor$F). In a mixture, there is a relationship between the XRD

intensity and the weight percentage of each phase, which is shown as téflows.

o —= (3.3)

0 —s0s —— (3.4
Wherely is the integrated intensity gfhaselU, Ke is a constant for a particula¢RD

instumentXoi s t he wei ght ,jbéirsactth eo nd eorf samgthgaksgej Up h a ¢

the mass absorption coefficient of th@xture Kuiis a constant for each diffraction
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reflection i f or m t hgeMuigsrthe snultgplicity sftdiffracionur e o
reflectioniofp h asvei 4J,t he v ol ume o Fuisdhe structue éattdrofof p h
di ffraction reflad(Hicaddd i ( stfospdshthes lorentd ,
polarization correction for the ditictometerdu is the acute angle between the incidént
rays and the lattice planésor di f fracti on HHeeefKidKeoifois@an i o f
characteristic value for phaskneasureavith particular XRDconditions and is written as
Uu.

ThelF o f p h By s thdratid betweebly andUs (s indicates an internal
standard material)lherefore, annternal standard material is needed to mix with a pure
phaseU. Since he weight percentag®f phaseU XJ andthe internal standar(Xs) are

known, IFycan be calculated by EquatiB8rb.

00 — —  — (3.5)

Wherelyandls are the integrated XRD intensitypfiasecd and t he internal
the mixture, respectively.

Il n some cases, pure phase |IRyvavediettyt be o
| f a mixture of phase U and ancantbéstlsolvpdh as e |
according to Equation 3.3 anXjy3ahd Fhaswe ib

in the mixture can be calculated as shown below.
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S — (3.6)

O O pnmnp (3.7)
Wherelyandlp are the integrated XRD intensity phaseU and phase b in
respectivelylIn this way, thdFuvalue can be obtained lagldingan internal standard to
the mixture of phase U and phase b,

For a target sample with n phases, the IF values of all these phases must be
obtained using a fixed internal standard (TiN was used in this thesis). In adti¢idatal
weight percentage ddll n phasesn the target samples 100%. Thereforethe weight

fraction of each phagen the sample can be calculated by Equaii@n

(3.8)

mh

|
(o8]
[s9)

B

The calculation process is called the 1088proact*3144

324X-r ay Di fRirtatcitn g n

As stated above, the 100% approach can be used for XRD quantitative phase
analysis. XRD intensity is involved in this calculation methbal .obtain XRD intensities
a least sqares fitting method wasmployed to fit the XRD pattern of a sample so that
intensity (area) of each phasetle samplean be obtainedn this thesis, the background
of the XRD patterns of unmilled Si alloys wamdeled bya polynomial equatiorshown

in Equation3.9.
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Yb = B-1x! + Box? + Bix+ Box?+ Bax® 3.9
WhereB.-1, Bo, B1, B2, Bs are refinable parameters, which are available for ath x () 2 d
values.The background used to fit the XRD pattern of a milled Si sample was the one
derived from its corresponding unmilled sampld?seudeVoigt peak shape function was

used, ashown in Equatio8.10.

¥
Or—p 0 p T —Qwnow (3.10)

Wherel is intensity,0is a mixing parameter, which can be varidweerD to 1,Co and
Ci1 are equal to 4 and 4In&espectivelyH is peak FWHM,andX is equal tax-xi)/H (xi is
the peak position)he variatiorin peakFWHM was described by Equati@nl1.14°

0 YWOhE WOt e T (3.11)
WhereU, V andW are refinable parameters, which akailablefor all peaks of one phase,
andH can only be positivdn order to reduce variable parameters, all peaks of each phase
in an XRD pattern were restricted to have the same relative peak positions and dreas of t
known XRD pattern of the pure phase. The totaikfithe sum othe background and all
individual peak fits.During fitting, dl refinable parameters weptimized according to
theleast squares methdd.this way, the intensity of eacivservegha® ina target sample

can be gained. The fitting results of a\& alloy are illustrated in Figure 3.5 as an example.
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Figure3.5 XRD fitting results for a SMo alloy.

3.3 Scannihhigc rEd seccapryo n
The scanning electron microscope (SEM) is a widely used instrument, which can
be used to characteriasampl® microstructuremorphology and chemical composition.
For a microscopeahewavelengthof the light source determines the ultimegsolutionof
the microscopeand shorter wavelengths typically yield higher resolution. Based on this,

optical microscopes have a limited resolution of ~ 200 nm. In electron microscopes, high
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velocity electrons can be produced, which have much shdei#moglie wavelengths than

visible light. Therefore, electron microscopes have much better resolution than optical

microscopes. Image resolution of SEMs alsolimited by the electron spot size and the
electron bearii specimen interaction volume, where tlectron spot size depends on the
electronoptical system that produces the electron beam. Usubé\§EM resolution is
between 1and20 nm.

10
Beam

Backscatterred electrons Secondary electrons
Auger electrons

Characteristic x-rays X-ray continuum

\

Figure 3.6 Schematic of several signals produced by thetrelecbeami specimen

interaction. Reprinted with permission from Referehé& Copyright 2007 Springer.

A SEM typically consists of an electron gun, electrgmetic lenses, apertures, a

specimen stage, electron beam scanning coils, signal atsteahdsignal processing
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systemt*® An dectron gunis employed to produce and aoceelte electrons, and
accelerating voltagesf between 20 kV aretypically used*’ A conventional SEM is
usually equipped with an electron gun utilizing a tungsten or lanthanum hexaboride cathode.
High temperatures and electric fields at the cathode resuk iesttape of electrons. Field
emission guns are used more frequently in modern SEMs. In a field emission gun, a large
electrostatic gradient field is applied to free electrons form the filament. Compared to
tungstenand lanthanum hexaboride electron gung]df emission guns can provide
enhanced current and lower energy dispersion and have longer lifetime. After electrons are
generated and accelerated, electromagnetic lenses and apertures are used to focus and
define the electron beam so that a small elecsqoot can be focused on the specimen.
Complex interactions occur between the electron beam and the specimen, and various
signals can be produced as shown in Figure 3.6. The signals mainly consist of Auger
electrons, secondary electrons (SEs), backscdttdeetrons (BSESs), characteristiaays,

etc. SEs are generated by inelastic collisions between the primary electron beam and the
specimen atoms. During inelastic collisions, the primary electron beam transfers substantial
energy to the specimen atoms, leading to ionization of the specitoems and SE
generation. SEs have low energy of typicallt@ eV, so they can only escape from a
region within a few nanometers of the specimen surflicetefore SEs are mainly used

for sample morphology characterizatidn. addition, BSEs are high emgy electrons

originating in the electron beam, whibhve beemeflected or backscattereldie to elastic
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scattering withfrom the specimer constituent atom8SEs can escape the specimen
surface from a deeper and larger region compared td*8Sample Ements with larger
atomic numbers can contribute to generating more BSEs, leading to higher BSE signal and
brighter regions in the BSE image. In this way, BSE signapoavide both compositional
and morphology information. Furthermore, characteristi@ys can also be generated by
the electron beaifinspecimen interaction, and the generation mechanism is the same as the
one for producing characteristicrays for XRD, aslescribed in Section 3.2.1. Chemical
information can be obtained through analyzing characteKstays. As mentioned above,
the electron beam is focused into a probe spot on the specimen surface to induce various
signals. In order to form an image, soang coils are applied to deflect the electron beam
so that it can move from place to place over a rectangular area. Different detectors can be
employed to detect different signals produced by the electron-bedarial interaction.
SE and BSE detectorseansed to collect SEs and BSEs, respectively. In addition, a SEM
is commonly equipped with an energy dispersive spectrometer (EDS), which can be used
for detecting characteristi-rays for chemical composition characterization. As shown in
Figure 3.6, thelectron bearit material interaction volume for generating characterktic
rays is larger than those for SEs and BSEs. Therefore, EDS typically has lower resolution
than SE and BSE imaging under the same measurement conditions.

In this thesis, sample morphology and electrode cross sections were characterized

using a Schottky field emission SEM (TESCAN MIRA 3 LMU), which was operated at a
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5 or 20 kV accelerating voltagElectrode crossections were prepared using a JEOL IB
1953QCP cross section polisher. In additi@am EDS system (Oxford instrumentnXax
80mn¥) with a silicon drift detector (SDD) was used for semuantitative analysis of

element content.

3.4 Transmission Electron Microscopy
Transmission Electron Microscope (TEM) is another important tool for
microstructural and compositional characterization of materials. In a TEM, a thermionic
electron gun with a tungsten or lanthanum hexaboride filamenfieldeemission gun is
used to ppduce electrons, and the electganeration process is similar to that of an SEM.
The voltage employed to accelerate electrons in a TEM is usually in the range3fQ.00
kV. The high accelerating voltage contributes to high velocity and short wavefentih
electrons, leading to a typical high resolutio®df0.2 nm for met field emissiomMEMSs.
For most conventional TEM imaging modes series ofelectromagnetic lenses and
apertures are used tocus the high velocity electrons intgparallelbeam The parallel
electron beam passes through a thin spetiared the electron beaspecimen interaction
occurs. The direct beam and tloeward scatterediiffraction beams are mainly used for
imaging. The objective lens is located below the specimen eraterthe first intermediate
image and the diffraction pattern, as shown in Figure Thé. diffraction and projector

lenses working together to project either the diffraction pattern (back focal plane of the
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objective lens) oanimage (image plane of thabjective lens) on the recording systém.
imaging mode, the objective aperture locates in the back focal plane of the objective lens.
When only the direct beam is allowed to pass through the aperture, a bright field (BF) image
can be obtained. When od#fracted beams are selected to go through the aperture, a dark
field (DF) image can be formed. Also, when the aperture is large, both the direct beam and
several diffracted beams are selected for imaging, as illustrated in the left schematic of
Figure 37. In this way, the direct beam and the diffracted beams interfere with each other
in the imaging plane and high resolution electron microscopy (HREM) imaga be
obtained.In diffraction modethe selected area aperture placed in the plane of the first
intermediate images usedlimit the area of the specimen contributing to the formation of

a selected area electron diffraction (SAED) pattétre final image odiffraction pattern

can be viewed on a lardriorescentscreen and be acquired bylaargecoupled device
(CCD) camera.

Scanning TEM (STEM) is a technique, which combines TEM and SEM. Most
modern TEMs can be switched to STEM maddenventionallEM uses a parallel electron
beam as desdd above, while STEM, like SEM, uses a small convergleatron beam.

For STEM, scanning coils are applied for deflecting the electron beascan across a
defined specimen area, andealected detector (like BF detector) is used toollect the
corresponding signal spot by spot, forming an image on a spirehby pixel. TEM

instruments are usually equipped with an EDS detector, which is an important tool for
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chemical composition analysis. In STEM mode, EDS can be employed to form composition

maps for showing element distribution.

specimen

objective lens

= back focal plane
AN
objective aperture

1. intermediate image _ =m ==
SAED aperture

diffraction lens

projective
lens

viewing
screen
image diffraction pattern

Figure3.7 Schematiof the beam paths in imaging mode (left) and diffraction mode (right)

in a TEM. Reprinted with permission from Referei&a&

In this thesis, a Philips CM30 TEM, which wagerated at 250 kV, was used to
form BF images, SAED patterns, and HREM images. For TEMisg@® preparation, each

sample powder wadispersed irmethanol by sonicating for 10 min, and a drop of the
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mixture was placed onto a lacey carbon coated TEM grid. Element contents in single
particles were determined by an EDS system coupled with the MEkiment having a
silicon-lithium detector (Genesis system, EDAMc.). ElementalX-ray mappings were

performedn STEM mode, which was alssedat 250 kV.

3.5 EDbhiespgegX-rsaweSpectroscopy

As mentioned above, EDS is an analytical techniqud teeelemental analysis
and chemical characterization of a sample. Modern SEM and TEM instruments are
typically equipped with EDSEDS relies on an interaction betweamX-ray excitation
source and apecimenin an SEM or TEM instrument, thé-ray excitation sources the
electron beam employed for imaginthe incidentelectronbeamwith high energymay
excite an electron in an inner shefllatarget sampldeading to an electron holénere the
electron wa. Then, an electron in an outer shell fills this hole, and a characteristig X
released simultaneously. The characteristicaX generation process is the same as the
process used to producerdys for XRD Gection 3.2.1). ED®an beemployed for
measuring intensity and energy the X-rays emitted from #&rget sampleThe elements
present in the sample can be determined by comparing the detecigdeKergies with
references in a database. The element contents in the sample can be measuredhmsed o
intensities of the characteristicrdys. In this thesis, EDS is used for semantitativdy

analying element contents amtktermining element distribution througflaray mappings.
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Some characterization details about EDS usatigthesis can beofund in Sections 3.3

and 3.4.

B36LECO Anal ysi s

LECO analysis can be applied to determine carbon, hydrogen, nitrogen, oxygen
and sulfur contents for a variety of metallic samples and other inorganic materials. Nitrogen
and oxygen content measuremeats of interest in this thesis, hence the LECO test
processes for determining these two element contents will be descried briefly below. A pre
weighted sample is put intographite crucible, which is heated in a furnace for fusing the
sample. During théusion, oxygen present in the sample reacts with the graphite crucible
to produce CO and/or GOAIso, nitrogen present in the sample can be releaseegasN
Helium is typically used as a carrier gas in a LECO test system. The formed CO and CO
are detected by CO and efbfrared detectors, respectively. Then, the gas passes through
a heated reagent (like CuO), where CO is oxidized to form O®ygen in the form of
CQ:is detected again through anotkd; infrared detector with high sensitiyjtwhich is
typically for measuringow levels of oxygen. C&is then removed bg scrubber coupled
to the high sensitivity C&detector. Following this, nitrogen in the form ot Nas is
detected by a thermal conductivity detector. In this thagegen and oxygen contents of
samples were determined throudgbhCO testdy NSL Analytical Services, Inéccording

to NSL, for element contents in the range of 10.0 wt.26.0 wt.%, the uncertainty in
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reported values is ~2%. For element contents between 3% and 10.0 wt.%, the
uncertainty in reported values is ~5%. Any O or N results above ~3 wt.% are automatically

run in duplicate with the average composition between the two measurements reported.

37Gas Pycnomet er

4®7

Valve
Headspace
% Z o™
? 7 —~ o
Z - Z
% Specimen g
Cup 2 .
% 7/
Specimen Chamber Expansion Chamber

Figure3.8 Schematic of a gas pycnometeeprinted with permission from Refererict.

Copyright 2010 Elsevier.

A gas pycnometes a deviceusedto measurdhe density of a samplé or more
accuratelythe volume of the sample. It employlse gas displacement method, which is
nondestructive to measured samples. A schematic of the gas pycnometer is shown in
Figure3.8. It typically consists of a specimen chamber with volumes anexpansion

chamber with volume ¥ a valve betweethe two chambers and pressure measuring
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device (such as a transducdte gas pycnometer can be applied tade variety of solids

and slurries. Solids can be ditly placed in the specimen chamber.wdwer, anempty
disposable cuwith known volume is needed for a slurry, whaloidscontaminating the
specimenchamber. During measurement, tgecimenchamber is covered and only a
small hole allowsnappropriate inert gas (such as helium or nitrogem®nter. Helium or
nitrogen molecules rapidly fithe pores in the measured sample. The pressujanfhe
specimen chamber iscordedafterequilibrium. Thenthe gas admission valve (not shown

in Figure 3.8) is closednd the valve connected to two chambers is opened. The inert gas
in the specimen chamber is discharged into the empty expansion chamber. After
equilibrium, the pressul@-) in these two chambeisrecordedAccording to Boylés Law,

the volume of sample can bbtained as

6 6 — (3.12)

The density of the sample can be calculateddimding its weight by the determined
volume.In this research, a helium pycnometer ¢aByc Il 1340, Micrometritics) was

employed to measure samplensities.

38El ectrochemical Characterization
Commercial Li cells are typically charged at a constant current to a certain voltage,
then the current deceases with the constant voltage until a fixed current is reached. This is

called constant current/constant voltage (CCCV) charging. In this theisells were
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madefor electrochemical characterization of negative electrode materials. In these half
cells, the tested materials alithium metalare usedas positive electrodes and negative
electrodes respectively. This means that CCCV charging in memcial Li cells
corresponds to CCCV discharging in half cells with tested negative electrode materials.
Through cycling half cells, potentiahpacity curve and capacitycycle number
curvescan be obtainedifferential capacitycurves (dQ/dV vs. Vgan be derived from the
corresponding potentiapacity curvesA sharp peak in dQ/dV curve corresponds to a
plateaun thepotentialcapacity curve, which indicates a tgbase region during cycling.
Electrode materials for Lion cellscan be evaluated in terms of important
electrochemical properties, such as specific and volumetric capacities, irreversible capacity
(IRC), caulombic efficiency (CE), average voltagestc Theseimportant electrochemical
propertiesof electrode mizrials can be obtaidebased on their potentiahpacity curves
and capacitycycle number curves. In a half celpesific or volumetric capacit of a target
materialcan be calculated bgividing the total charge aftdithiation/delithiation by the
massor the maximum volume during cycling of the electrode matériad.IRC is defined
as thecapacity loss between the firdischarge and chargerocessesFor a negative

electrode materialCE is defined as:

s — (3.13)

where Qis the amount of charge duridglithiation of the negative electrode material, and

Q2 is the amount of charge during lithiation of the negative electrode maténedsmage
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voltage can be used to estimtte effect ofnegativematerialson full cell energy density
Potentialpolarization can be evaluated by the difference betveeenage charging and
discharging voltage Smallpotentialpolarizationis desired since polarizatioarises from

irreversiblereactions and energy losses.

38 1 El ectrode Preparation

In this thesiselectrode slurries weraade fromamixture ofSialloy, carbon black
(Super C, Timcal), a 10 wt% aqueous solutioitbfum polyacrylate (LIPAA made by
neutralizing apolyacrylic acid solution (Sigmaldrich, average molecular weight
~250,000 g/mole, 35 wt% inZ) with LiIOH-H20 (Sigma Aldrich, 98%) in distilled water),
a wetting agent (isopropanof9.5%), and distilled water, with a Si alloy/carbon
black/LIPAA volumeratio of 70/'5/25. The electrode slurry was mixed in a planetary ball
mill (Retsch PM200yvith 3 tungsten carbide balls (7/16 in@bout 11.1 mmin diameter)
at 100 rpnfor 1 h. The homogeneous slurry was spread on copper foil (Furukawa Electric,
Japan) wh a steel coating bgf.004inch gap and dried in air at 120 °C for 1 h. Disk
electrodes with a diameter of 13 mm were cut using a circular electrode punch, and were
further dried under vacuum at 120 °C for 2 h before cell assembly. Typical electrode

loadings were about 2~3 mAh/ém
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38. 2 CoiFmbCelclati on

2325type coin cells were used in shihesis The coin cellsvere assemblednd
sealedn an Arfilled glove box.Figure3.9 illustratesthe structurendcomponent®f the
2325type coin cell. A working electrode wassembledavith aLi metal (99.9%, Sigma
Aldrich) counter electrode. Tw@elgard 230Geparators were sandwiched between the
working and counter electrodes, which were used to prevent hmarits Two copper
spacersvere used to provide stack pressanelensure electrical contact. The cells were
filled with electrolyteconsisting of 1 M LiPE (BASF, 98%) dissolvedh a solution of
ethylene carbonate (EGQjiethyl carbonate (DEC)nonofluoroethylene chonate (FEC)

(3:6:1 v/vlv, all from BASF)

I | Casing Top

[ ] Plastic Gasket

| | Copper Spacer (0.024 inch)
| | Lithium

Celgard Separators
—— Working Electrode
| | Copper Spacer (0.036 inch)

I | Casing Bottom

Figure3.9 Schematic o 2325type coin cell

38. 3 @elIChcl ing
Coin cells were cycledt 30 + 0.1 °C or 45 + 0.2 °C between 0.005 V and 0.9 V

using abattery testing system (Neware&0 °C and 45 °C are two commonly used
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temperatures for investigating cell performar@eate is a measure of the rate at which a

cell is being charged or discharged. If a cell is charged or discharged at a 1C rate, the
process can be completed after 1 h. To determirgt€in this thesis, trial cells were cycled

at a C/10 or C/20 rate based on the alloy theoretical capacity (assuming that all the Si in the
alloy was active with a capacity of 3578 mAh/g). From these i, ¢he actual material
capacity was determined. Ther&tes of cells used for cycling experiments were calculated
from this measured capacity. In cycling experimeotdis were discharged aa C/10 or

C/20 rate until theutoff voltage(5 mV) had been reached. Thersignature methodias

used tosimulatethe potential hold at the end of a CCCV charge cycle in a fulfell.
Details abouthe signature method will be described in Sections 4.2 and 5.2 thNeggls
werecharged athe C/10 or C/20rate to 0.9V. All C-rates were doubled in the following

cycles
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Chapter 4 Synthesis, Lithium Insertion and Thermal Stability of Si Mo
Alloys*

4. 1 oldutct i on

Si is a promising negative electrode material for lithium ion batteries owing to its
high specific and volumetric capacities (3579 mAh/g and 2194 Ah/L) and proper average
potential (~ 0.4 V vs. Li/L').}* As mentioned in Section 2.3.5.2, there are still some
challenges for Sbased negative electrode materials, such as huge volume changes of Si,
unstable solid electrolyte interface (SEI), and crstallineSis (cr-LiisSis) formation
during cycling®315Preparing Si/inactive alloys is regarded as an efficient way to reduce
the total volume expansion after lithiation and suppredsieBis formation/126:127|n
addition, Sibased negative electrode materials can be improved by carbon coating as
described in Section 2.3.58hemical vapor deposition (CVD) is an important method to
apply carbon coatings to-8ased negative elgode material$>? However, CVDcoating
is a hightemperature process, requiring samples to be heated to at least 800 °C for a pure

carbonphase to be deposited. This is problematic for nanostructuteas8d negative

* This chapter was adapted with permission fi®nCao, S. Gracious, J. C. Bennett, and M. N. Obrovac.
Synthesis, Lithium Insertion and Thermal Stability 6f\80 Alloys. Journal of The Electrochemical Society.

Publication date5 October 202QCopyright 20200 OP Publ i shing. S. Caods contri
the main experiment and analysis work amiting the manuscript. S. Gracioperformed some sample
preparation. J. C. Bennett preformed measurements and analysid and STEM. M. N. Obrovac provided

guidance and patrticipated in experimental design and the interpretation of all the data.
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electrode materials, since amorphous S8ijacrystallizes at temperatures of 600 °C,
resulting in the growth of largarystalline Si (ctSi) grains. This is detrimental for-Based
negative electrode materials, since it is desirable that acthea®iamorphougphaseor a
crystalline phase with small grain siZesg. < 150 nm), otherwise fracture of the active Si
phag can occur during cycling, resulting in capacity f&tf@Therefore, Sbased negative
electrode materials with high thermal stability against grain growth are highly desirable.

In this study, the synthesis, electnemistry, and thermal stability of-$8o alloys
were investigated. To the author's knowledge, lithium insertion in these alloys has not been
investigated previously. Their propensity to form nanostructured alloys during ball milling
was evaluated, as it isommercially important that precursors used for ball milling
processes be amenable towards rapid alloy formation. The thermal stability of the resulting
nanostructured Svlo alloys was also investigated. It was hoped that the high melting point
of the Mo$: inactive phase (2020 °C) would impart thermal stability onto nanostructured
Si-Mo alloys, so that these alloys could be compatible with -teghperature post
processing methods (e.g. CVD processifig)ally, an electrochemical investigation of Si
Mo alloys asmilled and after heat treatment was done to study their potential as negative

electrode materials.
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4. 2 Experi ment al

SixMowox( 9 0 O guee 10) samples were prepared by ball millBigoowder
(SigmaAldrich, 325 mesh, 99%) and Mo powd@ifa Aesar, 250 mesh, 99.9%) in Ar for
1-16 h. The details of the preparation processes can be found in Section 3.1. In addition, Si,
Mo , aMo8i> (SigmaAldrich, 7.5 pm, 99.8%) powders were ball milled under the
same conditions for 2 h, respectivaiere TiN (Alfa Aesar, 200 mesh, 99.5%) was used
as an internal standard to mix with theras | | e d S i-MoSiMa,0 nasri-MoSis of U
a n dMoS8i) , respectively. The | AMo®ns aiMdSbact or
were calculated as describedSection 3.2.3. These phases were ball milled, so that they
had similar structures and properties as the phases in-Me SamplesThe IF value of
each phase was obtained through a series of standard mixtures with different TiN weight
ratios. In someinstances, caking of the sample on the inner wall of the mill container
occurred. When this occurred, the caked portion of the sample was collected by milling
with ethanol and several 1/4 inch (6.35mm) stainless steel alsldition, glected ball
milled SiMo1oox (1, 4 and 16 h) samples were heated at 600 °C or 800 °C for 3 h, and the

heat treatment processes were the same as described in Section 3.1.
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Table 4.1 Cell cycling procedurg(CC_DChg: constant current discharge, CC_Chg:

constant current charge).

Step ID Step name Time (hh:m:ss:ms) Voltage (V) Current (mA)

1 Rest 00:00:05:000 - -

2 CC_DChg - 0.005 C/20
3 Rest 00:10:00:000 - -

4 CC_DChg - 0.005 C/30
5 Rest 00:10:00:000 - -

6 CC_DChg - 0.005 C/40
7 CC_Chg - 0.9000 C/20
8 Rest 00:15:00:000 - -

9 CC_DChg - 0.005 C/10
10 Rest 00:10:00:000 - -
11 CC_DChg - 0.005 C/15
12 Rest 00:10:00:000 - -
13 CC_DChg - 0.005 C/20
14 CC_Chg - 0.9000 C/10
15 Cycle Begin ID: 8 Times: 49

Selected SMo samples were characterized with a Schottky field emission
scanning electron microscope (SEM, TESCAN MIRA 3 LMU) using a 20.0 kV
accelerating voltage. $ilo sample densities were measured withieromeritics AccuPyc
Il 1340 gas pycnometer. Bright field (BF) imageslected area electron diffraction
(SAED) patterns, and higtesolution electron microscopy (HREM) images were collected
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using a Philips CM30 transmission electron microscopy (TEM) aiit operating voltage

of 250 kV.Element (Si and Mo) distributions in single particles efVi8i samples were

investigated by elemental mappinthe data was collected in scanning TEM (STEM)

mode. A nominal analytical beam diameter of 1 nm was used &\200here the dwell

t i me wa X-raf difftactions(XRD) patterns of Svlo alloys were collected using a

Rigaku Ultima IV diffractometer in the 2d
Electrodepreparatiorand cell assembly for $ilo samples were as described in

Sedions 38.1 and 38.2. Half cells were cycled between 0.008.9 V at 30.0 £ 0.1 °C

using a battery testing system (Neware). The cell cycling procedure is listed in Table 4.1.

During the first cycle, cells were discharged (alloy lithiation) at a con€i&fl rate (the

method to determine-@ates can be found in Sectio8.3) to 0.005 V. After that, the cells

were also discharged at C/30 and C/40 rates with a 10 mirangeit period between

current steps once the cutoff potential (0.005 V) had beached, in order to simulate

constant current constant voltage (CCCV) discharging. In the following cycles, all the steps

were the same, excepting the currents used were two times larger than those in the first

cycle.
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4. 3 Results and Discussi on

Figure4.1 BSE images(a) SboMo10 1 h; (b) SéoMo010 16 h; (c) SioMo30 1 h; (d) StoM0o30
16 h.

Backscatterecetlectron(BSE) images of several -810 samples (SoMoio 1 h,
SiooM010 16 h, StoMo3o 1 h, and SoMoso 16 h) are shown in Figure 4.1. Bright spots in
the samples milled for 1 h indicate the presence of unmilled Mo particles. The samples
become more homogeneous as milling time is increased. No Mo patrticles are present after
16 h milling. XRD patterns of Slowoxal | oys (90 O x O 7016 mx =
h) are shown in Figure 4.2. TheseM alloys are composed of-&i, aSi, Mo, and

nanocr yst aiMbSi prased) Tha larde width of theSa peaks makes them
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difficult to discern in some XB patterns. Mo and €8i peaks are significant at low milling

times, but their peaks decrease in intensity as Mo and Si react during milling to forea MoSi
According to the SMo equilibrium phase diagrafi®U-MoSk.is the low temperature form

ofthi s p has eMoSii2-phase segion Present below 1400 °C. Above 1900 °C

t h eMoSkp has e c o-MeSe.ltis mterésting that the highe mp e r-BMldSkr e b
phase was the main silicide produMad durir
formed. This illustrates that ball milling is a requilibrium process that often produces

metastable phases.
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Figure4.2 XRD patterns of SMoioox alloys made withdifferent compositions and

milling times.
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Figure4.3 Phase composition analysis of/80 alloys made with different milling times:
(@) SboMoa10; (b) SkoMo20; (€) SkoMo3so. All molar percentages are calcigd on a per atom
basis.To determine error bartheintegratedntensity ofeach phase in the fit was changed

until there was a £10% change in the goodness of fit.
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The evolution of the phase compositions of thé/8ialloys during ball milling
was determined quantitatively from XRD measurements, as described in Sectioaad.2.3

3.2.4, and the results are shown in Figure 4.3. For all the samplgiscanverts to i
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within 1 h of milling. Con&oSizo e-MdiSi.yhis Si re
reaction is slower and takes about 4 h to reach completion. Howegdy, ak of the Mo

was consumed after only about 2 h, which conflicts with the completed reaction time (4 h),

as indicated by when the reaction reaches stetadg. The rapid disappearance of Mo in

the XRD patterns is likely due to it adhering to the wélihe milling vial, as is discussed

bel ow. All oys with more Mo cMoSitderingmilimg. oduc e (
Some o fMoSilbenWe r t edSi with longer bmilling time. Based on the

Scherrer equation shown in Section 3.2.1, theag n s i-MaSi phdse wab estimated

to be about 3 nm in size for all samples as it was initially formed and increased to 4 nm
with | onger milling ti-NMeSkisforinedjtrere gagresatero| e t
chance of aggregation of thphase and therefore a greater chance of producing larger

grains.

Figure4.5 TEM imagesof SisoM020 8 h: (a) BF image, (b) SAED pattern, and (c) HREM

image.
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Figure 4.6 STEM images, Simaps Mo maps, and SVio substitution overlays,
respectively, of StMozo alloy made with 1 h milling time ¢d) and 8 h milling time ().
(red = Si, green = Mo).

All TEM results for SiMo alloys with canplete reactions are generally the same.
TEM images of the $Mozo 8 h alloy are shown in Figure 4.5, including a BF image
(Figure 4.5(a)), a SAED pattern (Figure 4.5(b)), and a HREM image (Figure 4.5(c)). All
the diffraction rings observed in Figure Aabgorrespond to the lattice spacing®a¥oSiz.
The rings are fairly continuous and intense, indicating a significant amount of
nanocr ysvoSilislpresest in bhis alloy, consistent with the most intense phase
observed in XRD patterns. The diffusegs in the SAED pattern are typical e6a Based
on TEM images,the Mo al | oy s -MoSkwith snsall partcte/grain sizes (1~14
nm for the size range and 4 nm for the average size based on 50 random particles/grains)

that are homogeneouslynbedded in an-&i matrix.
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Figure4.7 Potentialprofiles of SiMowoox( 90 O x O -1®h) allapelectrodes O

vs. Li.

Si and Mo distributions in single particles of ieoMo201 h and 8 h samplegere

investigated byK-ray compositional mapping. STEM images, Si maps, Mo maps, and Si

Mo substitution overlays are exhibited in Figure 4.6(a and €), (b and f), (c and ¢, and

and h), for the 1 h and 8 h milled samples, respectively. The substitution overlays are

employed to show a combination of Si and Mo elements, where only the element with the

higher intensity at each pixel is displayed. The results indicate thatstho%i8 h alloy
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has a more homogeneoush®d distribution than the &Mo201 h alloy. This phenomenon
is typical of all the SiMo samples with different S¥lo stoichiometric ratios studied here.

The firstfour cycles of the SMowox( 90 O x @0, %16 h) hatpoell =
potential profiles are shown in Figure 4.7. Generally, the potential profilesobvfdzb (1-
16 h), SéoMo20 (1-16 h), and SbtMoso (1 h) samples have characteristics typical-&fi,a
namely two sloping plateaus during the lithiatjfmocesse$® A plateau at about 0.45 V
can also be observed in the delithiation potential profilesea¥18io0 (1-8 h), which is from
cr-Li1sSis delithiation and indicates i 1sSis formation duringithiation®* The reversible
specific capacities and irreversible specific capacities and initial columbic efficiencies
(ICEs) of the SiMoioox Samples are shown in Figure 4.8. Also shown are the percent
volume expansions of these alloys, based on the reversible capacities and calculated
according to Referendd. As expected, increasing the Mo content results in lower capacity
because of t he-MdéSea maMoBiophases,fwhich vere fdund to be
inactive as described below. Reversible and irreversible capacities generally decrease with
milling time from 1 h to 4 h and then stabilize after 4 h. This suggests that the reaction
between Si and Mo to produce inactive silicides is complete after #igmnivhich is in
accordance with the results of the phase composition analysishdé Giloys during
milling. In addition, Figure 4.8 indicates that the ICEs of theMi0 and S¢oMo20 alloys
are in the range of 68.7%84.9% and that total volume expsion of the SMo samples

is reduced as the inactive phases increase.
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To con

compri sing

for 2 h. This sample had no electrochemical activity (Figure 4.9(a)) and no change in its

XRD pattern was detected after discharging to 5 mV (Figure 4.9(b)). Therefore, both

firm

n-MoSeacmr dMeBi:avh s i mad e by

(%) uoisuedxa awnjoA

Siy,Mo,,

Sig,Mo,,

Si,Mo,,

i f -MoSz a 0 d-MoBis wegel inactiveg a shmple

mi-MdSik n g

nanocr y svoSizlalnidNaSi: iere found to be electrochemically inactive with

lithium during cycling

at room temperature.
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Figure 4.10 showthe 1st, 2nd, 10th and 30th cycle differential capacity (dQ/dV)

curves of the SMo1oox electrodes. Sharp peaks observed during the first lithiatdioate

a nucleation and growth process during the initial lithiation ¥&n. general, two broad

peaks are present in the subsequent lithiation processes, which is typiedl. @rearp

peaks at about 0.45 V during delithiation can be clearly observedibtos (1-16 h) and

SisoMo020 (1 h), which corresponds to the delithiation eLctsSis, indicaing its formation

at full lithiation® Broad peaks at about 0.4 V during delithiation also exist in the dQ/dV

curves of the StMo10 (1-16 h) alloys. This behavior was also observediReSMn alloys

and it was speculated that the two peaks arise from tlezahtfenvironments of 15Sis at

the LisSis/metal silicide contact region compared tas&is within the bulk of the LisSia

grains?®®
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Figure4.10 Differential capacity curves of $floiox( 90 O x O -I6hh)allopx = 1 (

electrodes vs. Li.

The amount of ctiisSia formed during cycling was quantified as the ratio
between the delithiation capacity in the (888 V range and the total delakion capacity,
as described in ReferentB6. This ratio is about 0.2 for no-ti15Sis formation and about
1 if all the Si forms ciLi1sSia after full lithiation. Therefore, the percent active Si in the

alloy that forms the ekiisSis phase during cyclingfj is:

Q pmTmb (4.1)
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Where Q . 361 0iS thedelithiationcapacity in the 0.36.48 V range and Qs the total
delithiation capacity. Figure 4.11 shows the amount of active Si that forns8iz during
cycling vs. cycle number for all the 981010 (1-16 h) and SbMozo (1-16 h) half cells
shown in Figure 4.10. Data for thez@los0 samples are nathown because they are
essentially inactive. It can be seen in Figure 4.11 that tMoSilloys with longer milling

time and more Mo content show betteiLctsSia suppression. This is shown more clearly

in Figure 4.12, which shows the maximum valu¢ jpibtted as a function of milling time.

The enhanced dri1sSis suppression arises presumably because long milling time and high
Mo content contribute to finagin structure (homogenous 8o distribution) as illustrated

in Figure 4.6. This is consistentittv earlier studies, as increasing milling time reduces Si
grain size and increases the Si/inactive phase contact area, while increasing the inactive
phase has been shown to suppress the formationlofs&is by shifting the potential
profile to lower pdentials!?®1?’Indeed, this was found to be the case here, as the average
lithiation potentials of the alloys were found to generallgrdase with increasing milling

time (Figure 4.13).
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Figure4.11 Plots of the percent active Si that formd_ctsSis at full lithiation () vs. cycle

number and volumetric capacity vs. cycle number @\&ii0and SgoMozoalloy electrodes.

Figure 4.11 also shows the cycling performance afVRizoand SgoMo20 alloys
in terms of volumetric capacity. In addition, the specific capacity ®M8ho, SisoM 020,
and StoMoazo alloys and the volumetric capacity SizoMo3zo alloys are shown in Figure
4.14. As milling time increases more Si is consumed to form the inactive: dio&ses,

reducing capacity, as mentioned above. The relation between milling time and first cycle
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capacity is shown in Figure 4.15, whicls@lconfirms that a steadyate has been reached
after 4 h milling. After this reaction is completed (i.e. for samples milled 4 h or more) the
capacity remains constant. For these samples both specific and volumetric capacities
decrease with increasing Mélowever, he volumetric capacity decreases much less

dramatically, since the addition of Mo also increases density.
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Figure4.12 Maximum value off observed during cycling plotted asum€tion of milling
time for SboMo10 and SgoMo2o alloys (for each sample, the error baascalculated based

on 3 duplicate cells).
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Figure4.13 Average 2nd lithiation potentials vs. Li ofo@¥010 and SéoMo2o electrodes as
a function of ball milling timgfor each sample, the error baascalculated based on 3

duplicate cells)

As shown in Figures 4.11 and 4.14, all samples milled 4 h or longer show good
cycling stability during the 50 cycléssted, excepting thesgVio10 samples, which are the
samples that also exhibitedlcirisSia formation during cycling. Relationships between cr
Li1sSia formation, reversible capacity (1st delithiation capacity) and capacity fade are
illustrated in Figure 46(ad). As shown in Figure 4.16(a), the capacity fade of the high
capacity SioMo1o alloys is highly correlated to 4ri15Sia formation during cycling. This
indicates that these high volume expansion alloys are susceptible to internal fracture when
cr-LiisSis  formation is not suppressed during cycling. In contrast, the lower

capacity/volume expansionsg¥ozo alloys have much smalléwvalues and show no such
78



correlation (Figure 4.16(b)). The high capacityo®bioalloys all show higher levels of
fade (Fgure 4.16(c)) than the &Mozoalloys (Figure 4.16(d)). This higher level of fade is
likely related to mechanical disconnection from the electrode during cycling the high
capacity alloys. As the capacity becomes lower in tbd8bo alloys with greatemilling

time, the fade correspondingly becomes smaller.
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Figure 4.14 Specific capacity vs. cycle number of (apoBioio, (b) SkoMo20, and (c)

SizoMo3o0 and (d) volumetric capacity vs. cycle number abi803o.
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Figure 4.15hows the first lithiation capacities, the first delithiation capacities and
the theoretical capacities based on quantitative XRD analysis, assuming that only the Si
phase is active, of thex8o1w0x( 90 O x O -160h) samples. Eor the6@Vio1o 1
1-16 h, S¢oMo20 1-2 h, and SbMoso 1 h samples, the theoretical capacities have values
between the 1st lithiation and 1st delithiation capacities, as expected. Fosokhex&4-

16 h and SbMoso 2-8 h samples, the measured capacities are less tlalctpd

theoretically, indicating incomplete lithiation of the active Si phase. This may be due to the
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encapsulation of some active Si by the larger amount of inactive phase, as shown in Figure

4.6.
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Figure4.17 XRD patterns of StMozoalloys with different milling times and heat treatment
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Figure4.19XRD patterns of StMoso alloys with different milling times and heat treatment

temperaturs.

Selected SMo alloys were heated at 600 and 800 °C to study their thermal
stability. XRD patterns of selecteb81010, SisoM020, and SioMo3o alloys before and after
heating are shown in Figures 4.17, 4.18 and 4.19, respectively. In general, alloy
crystallization, indicated by sharpening XRD peaks, was slight at 600 °C, but became
readily evident at 800 °C. The phase evolution during heatispasn in Figure 4.20.
During heating the Silo 1 h samples, the Mo content decreased, which is indicative of its
reaction with Si to produce MaSiThis shows that after 1 h ball milling, the reaction is not
complete. In contrast, the phds=haviorof the 4 h and 16 h samples are similar, confirming

that the ball milling reaction between Si and Mo is complete after only 4 h. After heating
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at 800 °C, the crystallization of&i occurredinallSMo al | oy s . [-MoSiaddi t i
phase ¢ on vMoBiidaring heating ht&00 End 800 °C, which is consistent with
the SiMo equi | i bri um p H@Siés thd stablg phase of MaSelove U
1900 °C.
a) 100 T T T T T T T T T
Sig,Mo,, 1 h L Si,Mo,,4h L Si,Mo,, 16 h
S sof + - .
g 60 T < N - hl :
'~ N SeoT
{ul Il i1 I ]
3 3
_:::Z:/ '//, L7 - -%
0 ¥=——_... & ;====¥ <~ - =
20 600 800 20 600 800 20 600 800
Temperature (°C)
b) 100 T T T T T T T T T T T T T
SigMo,, 1 h | SigMo, 4 h SigMo,, 16 h
S 8of + - .
Q
g 6ol - - .
8 & = = =
N i LRt TN e
5 [ 1 .
S 20f I 2R A S S St B
!'j,fi"' 2 ®- ,,—g [ 2 .7
0 - - - > . > & > F Py
20 600 800 20 600 800 20 600 800
Temperature (°C)
C) 100 T T T T T T
Si,Mo,, 1 h L Si, Mo, 4 h
< sof = T
(] /
g / .
£ 60r / T ® ®-ocrsi
3 | /’ ©-0-0a-Si
S a0f y L ® ®-oMo
5 % 1/ ® @-01/3 a-Mosi,
2 20f T < N %‘/ -7 1/3 B-MosSi,
- _%\_ e T
0 ® - - " &_ _._= ; - - < 1

800 20
Temperature (°C)

600 800

Figure4.20 Composition analysis of selecteddo alloys before and after heat treatment:
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Figure 4.22 Potential profiles of selected &Moo alloy electrodes with different heat

treatment temperatures.
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The grain sizes ofhecr-S i aMoiz pbases in all the S¥lo samples were
calculated based on the Scherrer equation shown in Section 3.2.1 and are plotted in Figure
4. 21 as a function of heat iMoS2phase grows witht ur e .
heating temperature for all alloysgardless of composition and milling time. For the
SisoMo010 or SkoMo020 samples shown in Figure 4.21, theSirphase that appears at 800°C
has lower grain size when the sample is milled longer. This may result from better
dispersion of the Si phase in tafloy (shown in Figure 4.1 and Figure 4.6). However,
Figures 4.174.21 clearly show that Mo5ifails to suppress Si crystallization at
temperatures greater than 600°C and even more readily crystalizes itself, despite its high
melting point.

Figures 4.224.24 show the potential profiles (for the first four cycles) of the Si
Mo alloys before and after heat treatment at different temperatures. The consequences of
their crystallization during heating are readily apparent. Compared to the unheited Si
alloys, a more pronounced delithiation potential plateau at about 0.45 V is present for the
heated sample, indicating a greater degree-bie6is formation. This is likely because of
the growth of Si and Mo%igrains during heating, resulting in Si disconi@ctrom the
inactive phase and, subsequently, a lack of the suppressiohia$is formation®’ This
can be seen more clearly in Figure 4.25(a) and (b), which shows the cycling performance
(volumetric capacity) and the degree ofLersSia formation €) as a function of cycle

number for SioMo10 and SgoMo20, respectively. The reversible and irreversible specific
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capacities, ICEs, and percent volume expansions of tMoSamples after heat treatment
can be found in Figure 4.26. Based on Figures 4.8 and 4.26; ke &h and 16 h samples
typically show gmilar reversible and irreversible specific capacities, ICEs, and the percent
volume expansions before and after heat treatment. Furthermore, botboltheS16 h
and SgoMo20 16 h samples before and after heat treatment have comparable cycling
performame, which shows that these-l8p alloys have high temperature tolerance. The
heated SbMo10 16 h samples have high reversible specific capacities of about17R00
mAh/g and large reversible volumetric capacities of about -P200® Ah/L. The heated
SisocM0z20 16 h samples have much lower reversible specific capacities abo#0800
mAh/g, but they still have high volumetric capacities of about 130D Ah/L, since these
alloys have larger density tharn@loiosamples.

Figure 4.16(ad) show the relatiships between ektiisSis formation, reversible
capacity and 130 cycle capacity fade of all heated and unheatef18io and SgoMo020
alloys. The same general trends found for the unheated alloys remain present for the heated
alloys. Figure 4.16(a) and (c) suggest that th&@0ycle capacity fade of the large capacity
SisoMo10 alloys largely depends on theldnsSis formation fractiom during cycling, which
is related to internal particle fracture. For the lower capaciymBio alloys, the capacity
fade during 1660 cycles is less and increases with increasing reversible capacity. This
shows that in these lower expansion alloys, fedenostly affected by the structural

integrity of the electrode, rather than particle fracture. Because of this property, good
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cycling can be achieved in these alloys as long as the reversible capacity is not excessive.
This is illustrated in the 16 h neld SkoMo2o alloys heated to 800 °C. Despite being highly
crystalline (Figure 4.18) and exhibiting large amounts eLigsSis formation during

cycling (40%), the capacity fade of this sample is the lowest of all of the alloys measured

(~13 mAh/g or 0.8% cycles 1650).
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Figure4.25 Plots of the percent active Si that formd_ctsSia at full lithiation () vs. cycle
number and volumetric capacities vs. cycle number of ¢ay18io and (b) SdoMozoalloys

with different heat treatment temperatures.
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