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Iron-base metal fluorides havgeen a particular interest as a pitive electrode
material in Lion batteries because of their high energy density and lower cost than
commercial intercalation material®uring lithiation, these materials undergo a
conversion reaction forming two sepe phases, LiF and reduced Rear theoretical
capacities are reached when these materials are made into nhanocompdsdesver,
they experience a capacity fade with low cycling rabesddition, it is not clear on the
reaction pathway these materiatake during lithiation and delithiatioas well as the
large hysteresis in its cycling profilEhis thesisvestigate three candidate materials,
Fek, Fek, andFeQ s7#1 33by looking at the ionic and electronic transport, reaction

mechanism, and hysteresis and link them to their electrochemical performance.



Previous studies indicated a percolated structure SEIEE forming during
lithiation. However, there wasot quantitative proof that the network of Favas
electronically supportingDuring the course of the study, it was discovered how
surprisingly high it was conductive that it led to new testing that utilized its conductive

properties.
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1 Introduction

With the increase of telecommunications, portable electronics have been
incorporated to daily life. Tablets and phones enable access to information on the World
Wide Web without being tethered to any single location. With higher demand in
portable electrorics, there have been higher specification requirements: faster
processor, bigger screen, more memory, and longer battery life. None of these
technologies can be achieved without a medium to store usable enBepghargeable
secondary batteries havieeen the choice over primary batteries because of their-life
cycle cost ($/kWh) and higher power output (\@ne of the famous secondary battery
that is still used in automotive is the leatid battery developed by Raymond Faston
Planté in 1860LFion batterieshave risen becauseir higher energy density and
higher cell voltageAs shown irFigurel.l, lithium-ion batteries are light weight and
small siz&ompare to other secondary batteries. Li metal baitésrare rarely used as
secondary batteries because of safety issas it would be explain latdn addition,LF
ion batterieshave a longer shelf life with up to&10 years as oppose to conventional

rechargeable (36 months)[1] [2]
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Figurel.1l. Comparison of different secondary batteries iarms of volumetric and
gravimetric energy densityReprinted by permission from Macmillan Publishers Ltd:
[Nature] Ref.[1], Gpyright (2001).
1.1 Battery Components

A battery is the energy storage devitieat converts chemical energy to usable
electrical energy through electrochemical oxidati@duction (redox) reactions. It

contains several electrochemical cells that are connected in series/parallel to increase

the operating potential or increase capacitf the battery.

Electrochemical cells consist of an anode and catleddetrodethat is
separated by a separator and electrolyte. Anode is where oxidation occurs and electrons
flow out. Cathode is where reduction occurs, electrons flow into the cathvddere the

reactant is reduced. The electrolyte is an ionic conductor but electronically insulating



materialand most importantly, nonreactive with either anode or cathodgpicallyit is

a liquid with dissolved salts, acids, or alkalis and is soakededpaaator that also

separates the anode from the cathode. Alternatively, there are solid electrolytes that do
not require a separator. Under normal operation, electrons and ions separate from the
reactant and ions flow through the electrolyte while elexis travel through an

external circuit. In a galvanic cell when the cell is under a load, the negative electrode is
the anode and the positive electrode is the cathode. In an electrolytic cell the roles are
reverse, as electrons are driven in the oppositection, the positive electrode is the
anode and the negative electrode is the cathoBigue 1.2 is an example of an

electrochemical cell.

Graphite Li* conducting electrolyte LiCoO,

Anode Electrolyte/ Cathode
(Negative) Seperator (Positive)

Figue 1.2. A typical electrochemical celAdapted from Solid State lonics, 179, P. G.
Bruce, Energy storage beyond the horizon: Rechargeable lithium batteries 7682
Copyright (2008), with permission fromi€evier.[3]



In this depiction, a tibn cell is under a load and the anode ig3}.Graphite and

LiCoQis the cathode. The reaction mechanism is as follows:
0RO IQ 6 wl o Anode
0Q 6 wil o ©0"Q0c¢ Cathode
0@ 0Q 6 ©0Q 6 0 Q0 ¢ Overall

In secondary batteriesan electrode can be the anode and cathalpending onf the

cell is charging or discharging. Thus, theyraferred asthe negative and positive
electrode where the negative and positive electrode are the anode and cathode
respectively during dischargéhe standard potential of a cell is determine by the active
materials. Gibbs free energy (G) is related to the cell pidby the following

equation:

30  ¢£0 (1.1)

Gis the free energy at standard statejs the number of moles of electrons transfer, F
A& CI NI RI & Q&is the2cgll Patentiaii Ehich tiyeke is @0 current flow. A
positive cell potential will have a negative change in Gibbs free endrggn Eis
positive, the reaction is spontaneouswhich when a load is appliedseableenergy

can be extracted from the cell. Mén E is negative, the reaction is nespontaneous.

This idbase off of the free energy potential for any given reacti@j:



o vvaR @2

R is the universal gas constaftis the absolute temperatur&)is the active of species

that whenp Bis negative, the reaction will push forward to for products without the
YSSR 27T SEI NI isPosiveHoek will redd $oybe gutnto the system to
drive the reaction forward. In a battery, Bis determined by the halfell reactions in

both the anode and cathode. As an example, consider a Daniell cell consisting of 2 half
cells where copper cathode and zinode metal electrodes are immersed in a solution

of copper sulfate and zinc sulfate respectively. The cell potential is found as such:

& O hE  cCQ G=147.005kJ (0.7618 V) Anode
56 ¢Q O 86 G=65.610kJ (0.340 V) Cathode
@ 606 O®E 86  G=212.615J (1.1018 V) Overall

1.2 Negative electrode

Ideally lithium metal would be use as the positive electrode to use in a lithium
battery. It is the lightest and most electropositiidowever lithium is an alkali metal
which is highly reactive and flammablghis makes it a huge safety concern when used
in a battery thus have been limited to coin cells for low power portable electr@amds
primary batteries Anotherconcernisits reactvity with the electrolyte and
morphological changes during charge and dischafgeen lithium is deposited onto the

negative electrodeluring chargeit forms a mossy and sometimes dendrgicuctures



on the surface of the electroddhis is caused by ¢élrandom orientation of the particles
and nonuniformity charge distributionThis formation will increase the surface area
which will increase the noeaniformity of the electrodeAfter several cycles of lithium
stripping and replating, these structuresdak off and become isolatke In other cases,

it can grow uni it touches the positive electrode causiagshortcircuitin the battery,
Instead of electrons flowing through the external circuit, it flows through the electrolyte
and directly to the positie electrode. Heat is generated and can cause the battery to
expandthrough gaseous reactiorm catch on fire. As lithium is being consuwrduring
dischargenew lithium surfaces are exposed and #nen passivated with anossy layer
film during chargevhen lithium is redeposited onto the surfacBhe mossy layer that
forms makes some of the lithiuareaselectrochemically inert. Thus,¢35 times of the
normalamount of lithium is requird to maintaindecentcyclability.[2] Despite these
shortcomings, much research is devoted in preventing the formation of dendrites. N.
Balsara developed a polyethylene oxide (PEO)daspolymerelectrolytethat is hard
enoughto mechanically stop dendrite grdtv. [4] However, the electrolyte needed to
be at elevated temperature in order to get acceptable conductivities. Ding et al
proposed a selhealingelectrostatic shield (SHES) to prevent dendmiowth using a
non-Li additive [5] By applying a potential higher than the reduction potential of the
additive but slightly lower than Li, the additive will absorb onto the dendrite tip
essentially shielding it from Li depositiddowever, this isias a limited current rate.
High applied cuent may induce a large voltage drop which may cause both additive

and Liions to deposit onto the surface reducing the effectiven¢sks.



Lithiatedcarbon(LiG) has been thesafealternative negatie electrode for
lithium-ion batteries.Lithium ions (Lions) are still used butnder the idea of the
d NP GO R iy ANE [7Y e elegtr@des would contain structures that can
accommodatd_tionsand tha no lithium metal is ever formedt either site Its
chemical potential is ne§rthe same a#ithium metal Thus, the electrochemical cell
will be able to maintain the same high opeincuit voltagewithout much compromise.
Graphitic carbons can accommeté one lithiumatom to 6 carbors atomsand will stack
interplanarto graphene sheetsas shown irfrigurel.3. It also hae a small volume
change (<9%) when fully lithiated. This is beneftoia cellby providing minimal
expansion and contraction. An electrode with a large volume chaageausehuge
amounts of stress and strain on the materidliring cyclingThis careadto particle
fracture which is a loss in capacity and ultimatedytery failure.In additionto graphitic
carbons there are carbon materials that are ngmaphitic with diffeent crystallinity.
Generally there are two maitypes: soft carbons and hard carbons. Soft carbons are
considered to have relatively low crystallinity such as carbon black and acetylene black.
These are formed from hedteating petroleum and coal. Cokgpe carbons are soft
carbons with intermediate crystallinitfBecause of the low ordering these materials
they cannot accommodate the same amount of lithiasgraphitic carbonsrhus, their
theoretical capacities are generally lower. Howevkey can bedoped with nitrogen,
boron, or phosphorusvhichwill increase their capacitie® the same level agraphitic
carbonsHard carbons such as glassy carbon are made fromthesting organic

polymer materialsThey have been shown to have higher capacitistgraphitic
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carbons[8] Several models were proposed to explain this increase of capacity. Some
suggested the lithium is being absorbed on both sides of the graphene sheet, or-that Li
ions are accumulating at the edges and surfaces. Another difference with hard carbons
is that ishas a sloping voltage profile from 1 V to 0 V instead of a flat profile from 0.3 V
to 0 V as seen with other carbon materials. This can greatly lower the overall potential
of the cell.In addition, it has a high irreversible loss in capaaig a risk ofithium

metal depositing on the surface during charf Regardless, one of the major
advantagess that it can be used with propylene carbonate (PC) which normally would
lead to gas formation aroundl V in graphitic carborj7] In all cases of lithiated carbon,
there is airreversibleloss on the first cyclerhich can vary between carbon tygé0

This is from electrolyte decompositiomd forming a solid electrolyte interface (SEI)
layer.After this layer is formed, the second and subsequent cycles remain the same
giving a near 100% reversibility. One of thajorissuesof using lithiated carbon is its
smallcapacitycompare tolithium metal (Tablel.1). This has led many researchers into

developing a safer yet higtapacity negative electrod¢ll] [12] [13]

Graphene layer

 S—

eesese

B

Lithium layer

Figurel.3. Lithium stack between the graphene layer8daptedwith permissionfrom
Ref.[14].



Negative electrode materia

Voltage range vs lithium (M

Theoretical capacity (Ah/g

Limetal 0.0 3.86
LibsGs (coke) 0.0-1.3 0.185
LiG 0.00.1 0.372

Tablel.1. Voltage and theoretical capacity of some negative electrodgy.

1.3 Electrolyte

Choosing a good electrolyte is important in a lithion battery as it provides a

medium for ions to flow through but block electrons. A decent electrolyte should have

the following characteristicg2] [14]:

f Good ionic conductivitg> 10°S/cm) to lower ohmic polarization

1 A lithium ion transference number approaching unity to limit concentration

polarization

1 Large voltage stability range to prevesiectrolyte decomposition

1 Thermal stability

1 Nonreactive to other cell components

1 Low vapor pressure

In addition, it would be ideal that thegre low toxicity and low cosBecause

lithium is reactive to water, nonaqueowdectrolytes are used. In addition, they have
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better charge retentiorand have darger range temperature chandlkeen agueous

electrolyte. Some nonaqueous solvents used in electrochemistry are as fdl@jws

1. Ethers
Diethyl ether dimethoxyethene tetrahydrofuran,and 13 dioxolane.
2. Esters
methyl formate, methyl and ethyl acetate
3. Alkyl carbonates
Cyclic carbonates such as ethylene and propylene carbonate, as well as linear
carbonates such as dimethyl duliethyl carbonate.
4. Inorganic Solvents
Sulfer oxide, thionychloride, and sulfuryl chloride.
5. Miscellaneous

Acetonitrile, nitromethane, dimethyl sulfoxide, and sulfolane.

2, 4, and 5 are typically ignored becaudehe limited electrochemical windows,
electrode surface reactivity, and the lack of electrode passivity. Ethers are also a
problem because thegend to oxidize at low potentials. Alkghrbonates havéeen the
most promisingsolvent. They are chosen because of their acceptable anodic stability
above 5 V. This is important as positive electrode such asj INEDQ, and LIMRO,
may reach to 4.5 \A typical electrolyte is LipBalt dissolved in a mixture of ethylene
carbonate and dimethyl carbonate (EC and DNEChasa high dielectric conant

which isbeneficialin dissolving lithium salts. Howevétralso has a higliscositywhich
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can have a negative impact on ionic conductigsyit puts resistance in ion mobility
Thus, it is mix with DMC which has a lagcesity anda lower meltingemperature.[2]
[15] The transport of ions can be express as the transpdrifid transference (T
numbers. In reality, transport number is nebrmally used as it only determines the net
charge carried by the cation {Lbver the total charge carried by both cations and
anions. Transference number takes into accountah®unt of drag on ion mobility.
This is determined by the following equation

Y

Vo
0

1'% (1.3)

Y
WhereRoA & G KS 0 dzf Vis theBodaization-veltays(Tis sfeady state current

after polarization, and &is the chargdransfer resistanceg16]

In addition, temperature also affects ionic conductividagetTammanFulcher
(VTF) type equation is used to determine conductivities of solvents at different

temperature range$16]:

0 2Agp2 P (14)
ny

Where K is conductivity, A is a constant, T is temperatys, tBe activation energy, R is
the gas constant, andy s the glass transition temperature. The plot usually shows a
convex shape with increasing temperature. Though higher temperatures increase
conductivity, it is important to note that all materials in the electrochemical cell must be

thermally stabile athiose temperature range$17]
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1.4 Positive Electrode

Most commercial batteries typically contain intercalation materials (L}CoO
LiNiQ, LiIMn,Oy) as a positive electrode of a secondary batt€wp. dischage, lithium is
inserted into the host structure without changing its crystal structiieen though their
lattice may expandrom insertion, their structure remains the sam#/hile they provide
SEOStt Syl NBOSNEAOAL AGRE A NUHESEe (IKBRNBAIR O £ AC
structure only allows one eleain transfer per transition metaln addition, the amount
of accessible energy is only a fraction of its true capacity. On the other hand, conversion
materials can have up to four times theptgal capacity found in intercalation materials
o0& dziAf AT Ay3 £t 2F (GKS YSiGlItQa NBR2E LRGS
Unlike intercalation materiaJdithium is reacts with the host material to for two new
phaseduring dischargea lithum salt andareduced metalBoth types of cathodes are

depicted inFigurel.4. [18]
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Conversion

Charge

Figurel.4. lllustration of the structural change during lithiation/delithiation in
Intercalation and conversion compound®&eprinted from Journal of Fluorine
Chemistry, 128, G. G. Amatucci, N. Pereira, Fluorideedadectrode materials for
advanced energy storage devices, 2282, Copyright (2007), with permission from
Elsevier[18]

1.5 Intercalation material
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Figurel.5. Stucture of common positive intercalation electrodes materials. (a)
layered, (b) spinel, (c) olivinda)and (b) were a@apted with permissionfrom Ref.[19].
Copyright(2011) American Chemical Socie{g) was made in VESTA software.

There are three main types of intercalation compountisized commercially
layered (LiCo&) LiNiQ), spinel (LiMRO,), andolivine (LiFeP£). Crystal structures of all
three can be seen iRigurel.5. Layered structurehaveplanes of alternating lithium
cation sheets and metal oxie#nion skeets The structure proves a reversibtesertion
and removal of_Honseasilyfrom the planes. LiCaUs an attractive material because of
the strong covalently bonded Ce@yers that provide fast lithiuAon diffusion.In
addition, the edges that th€O; octahedrals share allow &0o interaction which
provides god electronic mobility. Thiallowsthe material to achieve high current rate
potentials Co has a high oxidization level which allows Li@@@chieve a high
chemical potential. Howevepnlyhalf of the theoretical capacity of LiCpCbuld be
utilized.Cobalt is expensive and toxithis can become difficult when looking to scale
up for large battery applications such as electric vehic¢testhermore, LiCofxan
decompose and generate oxygahelevated temperatures. This can be a concern as it

will react with organic electrolyte generating heat and comb{28)] [21]
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In the interest on fiding inexpensive and environmentally benign materials,
LiMn,O, spinelstood outas a possible candidatls operating voltage is higher than
LiCoQ (4 V) and isnore stableas little oxygen is produce during decomposition at
elevated temperatureq21] Its practical capacity is similar to LiGoThe strong edge
sharedoctahedral MO, allows lithium to be inserted and extracted at therehedral
site withoutthe collapse of the structurelt ispossible to insert a second lithium atom
into the structure effectively making a disorder tetragonaMm,O, that occurs at 3 V vs
Li. Because of this phase chantj@s causes a 16% increase in the c/a rgfi@] This
large anisotropic change would make it difficult to maintain structural integhisya
result, LiMn,O4 has a higltapacityfade from repeated charge and discharge cygeast
the 3 V region[9] Thus cycling is limited to the 4 V region. Even so, iQlis still
susceptible to capacity loss. Soimevesuggested that the loss is from the dissolution of
Mn?*into the electrolyte after disproportionation of Mfiinto Mn?*and Mrf"*. [23] An
analysis of the electrolytafter cycling at 50C concluded that 34% of the capacity fade
was due to dissolutiorf24] Anotherpossibleexplanationis the formation of 1LMn,O,

on the surface of the electrode from nesquilibrium cycling[25]

LiFePQ@was reported as a new class of materials for lithium and lithiom
batteries known as phosphalivine. It has a theoretical capacity of 170 mAh/g and is
low cost. It is also known to not produce any oxygen at elevated temperature which
makes it very s&f [21] Though its operating voltage is lower than Liga@d LiMRO,
(3.45 V), its voltage profile is very flahis indicates a twphase reaction occurring

where LiFeP(triphylite) transform into Fe®, (heterosite). Initially, LiFeR®Gave been
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reported to have poor rate capabilitiesd poor capacity. Even at low current rates,

only 0.6 Li/mol was reversiblg26] This was because of the low elemtic conductivities

in both in the triphylite and heterositd1] It was later discovered that byducing the

particle size to the nanoscadand the addition of carbon, sufficient capacitiasd

current ratescould be reached. Reducing the particle size would also lower the diffusion
length through the solid for both ions and electrons. Carbon is also known have
excellent electronic propertie€€omparing to other intercalation materials, LiERs

less dense than layered or spinel materials. Along with a low chemical potential, LiFePO

has a low energy densit}27]

1.6 Conversion

Though improvements in intercalation materials have been mads the years,
they are limited to thé& redox activity. Thus, conversion materials have been
investigated to improve energy densitiéablel.2 is acomparison of electrochemical

properties between intercalation and conversion materials.



17

Compound Class Ean/V mAhg™ Wh-kg™ Ah-L? Wh-L?!
VF, Conversion 1.87 745 1389 2505 4673
CrF: Conversion 2.28 596 1360 2287 5224
CrF; Conversion 2.29 738 1689 2789 6383

MnF: Conversion 1.92 577 1107 2296 4405
MnF; Conversion 2.65 718 1902 2543 6732
FeF; Conversion 2.66 571 1522 2336 6224
FeF; Conversion 2.74 713 1954 2758 7561
CoF; Conversion 2.85 553 1578 2466 7039
CoF, Conversion 3.62 694 2509 2691 9735
SnF; Conversion 2.98 342 1021 1563 4665
a-PhF, Conversion 2.83 219 619 1852 5243
o-BiF; Conversion 3.13 302 946 2391 7484
T-BiF; Conversion 3.13 302 946 2539 7960
LiCoO, Intercalation 3.95 135-165 530-640 690-840  2700-3250
LiMn,0, Intercalation ~4.0 148 590 630 2520
LiFePO, Intercalation 3.45 170 586 608 2097

Tablel.2. List of conversion and intercalation materials and their theoretical reduction
potential vs. Ligravimetric capacity (mAh/g), gravimetric energy density (Wh/kg),
volumetric capacity (Ah/L), and volumetric energy density (Wh/L). £iks two
different phases: orthorhombic (eBiFs) and hexagonal tysonitphase (¥BiF). [28]
Fluorides, specifically irebased, have been a main focus in the Energy Storage
Research Group (ESRG) because of its low cost and relatively low t{@tit$0] [31]
Compare to other conversion materials, fluorides havegh ionic MF bonds allow
higher reduction potentials aroundr even above V. This is a great contrast to oxides,
sulfides, nitrides, and phosphides where theliservedpotentials are below 1.5 ¥32]
Figurel.6 shows typical voltage of three irdmased fluorides that are of interest: FgF
Fek, and FeOF. Fels looked at because it is a% a rutile structure, representative
of most 3d transition metal difluorides, with simple voltage profile,Feb H[ A T H[ AC
F& with a theoretical capacity of 571mAh/g. On the other hand sfeRoticed because

of its F€*in a Re@type structure allowing up to three electrdransfersresulting in a

theoretical capacity of 71thAh/g. The voltage profile show lithium insertion at higher
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T

+ F&. As a hybrid between these two materials, FeOF is of interest since it i5ia &e

rutile type stiucture and oxygen is introduced as an anion creating a degree of
covalency of the Fe bond. If fully converted int8 F&iF + kO, FeOF can provide a

theoretical capacity of 88BAh/g. Neartheoretical capacities were first enabled though

the use of carbn-metal fluoride nanecomposites (CMFNC$30]

Voltage (Li/Li %)

4
35 FeF
2
3 ror
FeO e,
2.5 | Fe*OF
LiFe?* OF
LiFeF,A 3LiF + Fe
2 L
Fek Rutile Fe?"F, A 2LiF +Fe \
LiFe* OFA LiF + Li,FeO
15§ | | | | | \ \
0] 100 200 300 400 500 600 700

Specific Capacity (mAh/g active)

Figurel.6. Typical voltage profiles of FeH-ek, and FeOF

o[ AC

The carbon matrix allowed electrons to move freely through the highly insulative

cathode. The nangize particles increased the amount of surface area in contact with

both electrolyte and the carbon matrix. Despite forming these nanocompoditiss,

believedtheseconversion materials are limited by the mobility of th&ians to move
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to unreacted sites. Electrons may not be as limited because of the conductive network
that is formed when the transition metal is redugeathough there is no experimental
verification of this This allows an electronic pathway for electrons to move to unreacted
sites as illustrated ifigurel.7 for Fek. [33] [34] In addition, the capacities of all iron
compounds can only bachieved under low €ates.One of the goals in this thesis is to

determine conductivity and gain some insight into this percolated network.

Lithiation .

Figurel.7. lllustration of conversion example of FeBecause bthe network of Fe
formed during lithiation, electrons can travel to notithiated regions.Adaptedwith
permissionfrom Ref.[35]. Copyright (2014) American Chemical Society.
1.7 Modes of mass transport

In electrochemistry, there are three modes of mass transportation: migration,
convection and diffusion. Migration is the movement of ions from an electrical gradient.
In most electrochemical systems this is eliminated by adding supporting electrolyte. This
reduces the potential gradient to zero and eliminate the electric field which causes
migration. The supporting electrolyte can now carry the current with negligible
migration. Convection is mass transport by gross physical movement such as stirring.
Thistype of mass transport is helpful in increasing the flow of electroactive species to

reaction sites. Some examples where convection is utilized in batteries in zinc/air
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systems where the circulation of electrolyte helps prevent dendritic growth of zinc on
the electrode which can cause a shaoitcuit and battery failure[36] In flow batteries,
pumps are utilized to circulate the anolyte and catholyte through the flow battery stack
to allow more reactanto be consumed without having to build a larger battery stack

(Figurel.8).[37]

Load/Source

lon selective Electrode
membrane

1( !(‘

o

pump pump
Discharge reaction

C+e>C
A"S>A+e
Charge reaction
C>C+e
A+e DA

Figurel.8. Example of flow battery. Electron transfer occur at the flow battery stack.
Pumps are utilized to refresh the stack with fresh anolyte and catholyte from storage
tanks. Adaptedwith permissionfrom Ref.[37].

Lastly there is diffusion, the most studied means of mass transportation.
Diffusion is the movement of a substance undez thfluence of a concentration
AN RASYyldod CcAOlaQa FTANRG fFg FylfeéelSeén GKS

gradient under steady state.

Pl
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L (15)
v Qo

Where J is flux, D is tltkffusion coefficient, C is concentration and x is the position.

CAO1Qa aSO2yR flg G 1Sa Ayilz2htimO@enefia GKS
define by:

Q0o ,O'Qé (1.6)

Qo0 w

In batteries, diffusion process is most significant in transporting species to and from the
anode to cathode in order to maintain current flow. This can be approximated by

NB ¢ NR G Ay 3 @ssuinn@that difisiii inito tiielelgctrode is not limiting

e . 000 O (1.7)
Q ¢ 9(]—

iis currentand A is theontactt NI 2 F G KS St SOdaya tRickdesst A a
between the bulk concentration of the electroactive speciag &0d the concentrabn

at the electrode surface (C This is accomplish with the relationship tlirettFJAvhere J

is the flux. The maximum current that a battery can put out is whe®.CThus, the only
means of increasing the battergite performance is to increase the lkuconcentration,

electrode area, or diffusion coefficient.

Not onlydo ionshave to diffuse through the electrolyte but into the electrode
itself. If we assume ondimensionakransport, the chemical diffusion process can be
RSaONAOG SR I law, @kre®y iSxbe d&t&hcednydfhe solid from the
electrade/electrolyte interface. lonsgliffuse into the solid because of the concentration

difference from the electrode surfaced@nd the local concentration in the solidh)C

(@
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Assuming that diffusioto the electrode surface is ndimited, equation(1.7) can be

used to determine the current where instead of the concentration difference is fram th
bulk electrolyte to the surface electroded€G), is the difference between the surface
electrode and the local concentration in the solid{G). In electrochemistry, there are

multiple methods in determining diffusioif2]

1.8 Cyclic Voltammetry (CV)

Cyclic Voltammetry (CV)aspotentiodynamic electrochemical measurement.
Similar to linear sweep voltammetry (LS working electrodepotential is ramped
linearly with time and the curremesponse is measureth LSV, the measurement ends
when the set potential is reached. However in CV, the working elecfpotintial is
inverted and continuego linearly decreasé the opposite directiorfFigurel.9a). CV
can be used to find the reaction memism during charge and discharge by plotting
current response vs voltage as showrFigurel.9b. Each current peak in the graph is
associated with an electrochemical reactidome sweeps may contain more than one
current peak which indicatethe occurrence of multiple reactionSometimegpeaks can
overlap each otheand be convoluted. Inrder to separateone reaction peak from the
other, identical ceb areused.In the second celthe same voltage sweepappliedas
the first except that the potential is held constant after the firgiglx has formed and
before the start of the second peakhis will allow on the first reaction to proceed
without triggering the secondl’he second peak can be identified by the difference in
current profiles for both cellDiffusion coefficient can be detmined by the current

peak(ip) usingRandlesSevcilequation:
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o T . (1.8)
0 @ T g, tTp075 07

Fand Rar€ | NI R & aénstaniaRpreddui mention, n is the number of
electrons transfer, A is tharea of theelectrode/electrolyte interface( is the initial
concentration of lithiumvoltage sweep, andis the voltage scan ratét is assume that
the diffusionof LA 2y 06 SKI @Sa& dzy RSNJ CA Ofl-diéensiortalg & I y R
semtinfinite diffusion.In semi-infinite diffusion one side is treated to have a large
amountspecies that any consumption is insignificant while the other side is changing
over time. In this case,-lans in the electrolyte is consided having a constant
concentration and the amaut consumel is minute that the concentration does not
change The limitation is the amount of host material to accommodate the ions.
Diffusion will continue to occur until the concentration in the host materighéssame
as the electrolyteSince a Lion must be paired with an electron, diffusion rate can be
determined from the current flowln the scan profile ie peak intensity and peak
separation changes with scan rat#ith a faster scan rate the current peatensity will
increase, however peaks may become convoluted which may become difficult to
distinguish multiple reaction mechanisni88] In porous electrode material# is
usualy the surface area of particulates. Tlesn be estimated by the averagee of the
particles or by usin@runauer, Emmett and TelleBETY. [39] Though eq(1.8) could be
used on slow scan rates, it is not recommended becauseent peaks would not be
well defineand attractive interactiondetween the host and electroactivspecies may
lower the apparent diffusionTheassumptionsised to determine diffusion with Cfe

as follows:
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1) Onedimensionakemtinfinite particles: CV assumes that particles have simple
geometriesthat are large enough such that finite size effects ba neglected

2) CAO1AlY ReéeylFYAOaAY [/ + | daadzySa GKIFaG GKS
with no gradient energy term

3) Constant D during perturbation: CV assumes that during the voltage sweep the
diffusion coefficient does not change as the concatitn changes.

4) Scan rate CV assumes that the scan rate is fast enough that the above
approximatiors hold, but be able to separate multiple reactions.

5) Extraparticle dynamics: CV assunmmesimpact on the current response from the

dynamics outside the padies.

£ A A+e>A"
=
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Y] = 1
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Figurel.9. (a) 1 complete cyclic potential sweep. (Bxampleof a cyclic
voltammogramwith one reaction mechanismAdapted with permissiorfrom Ref.

[39].

1.9 Galvanostatic Intermittent Titration Technique (GITT)
In galvanostatic intermittent titration technique (GITT), current is apphed

pulses followed by a period of relaxation time, in which no current passes through the
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electrochemical cellPositive current is applied during change and negative during

discharge. The same amount of current is applied during each current pulseg a
positivecurrent pulse(Figurel.10), the potential will suddenly increase froimternal

resistancgIR drop)of the cell. Afterwards, it would continue to increase slowly from

0KS | LI A SR OdzNNSE yciireent is \térsiNdd frelaiation)&ndihg G S NID |-
cell is allow time to relax to an open circuit potential (OCP). Because of the influx of

mobile species at the surface of the electrode, there still remains a concentration

difference between the surface and uDuring this period theomposition in the

electrode will tend to become homogeneous by diffigsthe remaining mobile species

into the bulk Initially during this equilibrium process, the poteh will drop suddenly

from IR dropand then continue to deayuntil reaching an equilibrium potential. Then

the cycle repeats with a current pulse followed by relaxation until theatipotential is
reached.The opposite holdgue during a negative current pulse. As a negative current

applied, there is an IRrdp followed by a slow decrease in potential. During relaxation,

the potential will suddenly increase from IR drop and then continue to slowly increase

till it reaches equilibrium. The process continues again till eofiypotential is reached.

The cell vltagedifference(Figurel.10), not including IR droguringthe period of

appliedcurrentA & G KS G241t G NI BOaB i§tfelhaged thd 3S OKI y :

steadystate voltage of the cell for a single st¢p0] [41] [42] [43]

At the time when current pulse was initiateg)(the composition at the

electrode is AB where A is the mobile speciasd B is the host materiahfter the
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current pulse the composition becars A.,B where x amount of A ions have diffuse

into the electrode. It can be define by the following equation:

“Otd (1.9)
56 O

30
2 KSNB npE A& GKS &0G2A0KA2 YiStheNapplled OKI y3S A
current at the start of the current pulsegft Mg is the atomic weight of B, andgis the

YIaa 2F .® C FyR y IINBF CINIRIFI&Qa Ozyadl vyl

The diffusion coefficient can be calculated at each step using tleviog

equation:

, Q0

o L © ) To (1.10)
“ 008 QO
[O7/s)

Vv is themolar volume of the samplandA is the area of the electrode/electrolyte
interface — isthe change in potential from the stoichiometric change from the mobile
species during the applied curret.a small amount of current is used, this can be

approximated to—. - is the change in potential from the changetlwe square root

of time during the current puls&his can once again be sim@dto —. By

substitutingthese intoeq. (1.9), diffusion can be found by

T 0 W 3% (1.11

(@) — —
“1T0 O 30

It is important to know that eq(1.11) A & @I f xR*/DavKeeyl is the thickness of

the electrode. This is from the relationship:
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— 1.12
0 VOO (112

You can estimate thdistance the mobile specie has traveled from its diffusion

coefficient and the amont of time thathas elapsed. In this casefif —, then enough

time has passetbr the mobile species to diffuge the end of the electrode. This will

changethe concentration differencewhich will cause change in diffusion rate. The

calculated diffusion coefficierwould appear to be lower then expected. The

assumptiondor GlTTare as follow$44]:

1)

2)

3)

4)

5)

6)

Onedimensionakemtinfinite particles: GITassumes that particles have simple
geometries that are large enough such that finite size effects can be neglected.
Fickian dynamics: GITTA a dzySa GKI G GKS (NI yalLl2 NI
equation, with no gradient energy e

Gonstant D during perturbation: GIBEsumes that during theurrent pulsethe

diffusion coefficient does not change as the concentration changes.
Constant7 h—: GITTassumes thathese derivatives are constant to make it

possible to writehe diffusion coefficient (eqg1.10) and(1.11)) in terms of
experimentally accessible quantities

Small current pulse: GITT assumes that the current pulse is small and short
enough that the above approximations hold.

Extraparticle dynamics: GITassumes no impact on the current response from

the dynamics outside the patrticles.

Aa
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Figurel.10. Current and voltage response of a single GITT sRgproduced by
permission of The Electrochemical Socief¥1]

1.10 Potentiostatic Intermittent Titration Technique (PITT)

Potentiostatic intermittent titration technique (PITT) is similar to GITT except
that a constant potential is held while the current is monitor®dT T i®eneficial
because the potential can ®ntrolled such that reactions would not progress forward
unless it idoth kinetically and thermodynamically favorable. Thus, the reaction
mechanisntould bedetermined from the voltage profilelhe experiment starts &DCP
and a small potential diérence is applied to the cefFigurel.11). On charge, the
potential difference is positive with a positive current response. On discharge, the
potential difference is negative with a negative current resporidering a positive
potential difference, theres an initial increase curremésponse followed byecayin
currentand eventually reaching zero. However, typically this is stopped after reaching a

cut-off current or time in order to complete the measurement in a practical amount of
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time. After the potential is raised the same amount and current is measured until cut
off. Thissteprepeats tillreachinga final cut-off potential. On discharge, there is a small
negative potential difference applied to the cell, the current initially becomes negative
and slowly increase exponentially to enff currentor time. This stepepeats itself till a

cut-off potential is reachedThe current follows a Cottrellian behavior whg4g):

"Qb é ,Oa_,) 6 ,2 B if t<< E/D (113)
“ (‘)

The diffusion coefficient can be determin&dm the slope of the linear ptoof | vs.
pAVOif the concentration difference is known. Under lostgptimes, t >> #/D current

decays exponentially

“ 00 (1.14)

CaOYy O
0 10

0
(0) Agb

This can be simplify by taking the natural log and taking the first derivative which yields:

Ql 1o “ 0 (1.15)
Q0 10

By rearranging the equatiol can then be calculated by taking the linear regiothe

graph of In(l) versus t.

Qi To 1 (1.16)
Qo “

The advantage is that the concentration difference does not need to be known.



30

At longstep times, the mobile species move towards equilibrium where the
electrode becomes homogenous. The change in stoichiometry is directly related to the

concentration diference under the relationship:

0 (1.17)

3w w o6 0
£ D

Where Q is the charge transferg is the number of moles of the host material. Q can be

determined by the amount of current passing through during the potential step:

: 056 (1.18)

Knowing thatthe L=(\Wng)/S, eq(1.13) and(1.14) can be rewritten in terms of Q:

0o ﬁﬂ_ if t<<B®D (1.19)
0“ - I/lo
00 “ 00 )
00 _cg Aob - it t>>gp (120

In PITT the assumptions are as follg44:

1) Onedimensionakemtinfinite particles: PITT assumes that particles have simple
geometries that are large enough such that finite size effects can be neglected.

2) CAOLAlY ReéylFYAOaY tL¢¢ laadzySa GKFG GKS
equation, with no gradienenergy term.

3) Constant D during perturbation: PITT assumes that during the potential step the

diffusion coefficient does not change as the concentration changes.
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4) Cutoff current:PITT assumes in the case of @dl9) and(1.20), that Q is found
by infinite time integration which must be shortened eftsome practical
interval.
5) Small potential step:IFT assumes that thgotential stepis small enough that
the above approximations hold.
6) Extraparticle dynamics: GITT assumes no impact on the current response from

the dynamics outside the patrticles.

A
Vol ---
Voltage step
]
e 1
1]
=
(¢]
>
T - >
o Time
A
0 b -
|
+ 1
c |
g I |!
5 |
© |
t, -
Time

Figurel.11. Current response of a single PITT step.

1.11 Electrochemical Impedance Spectroscopy (EIS)
In electrochemical impedance spectroscopy (EIS) or alternating current (AC)

impedancepotential is swept fran positive to negative in a sine wave and the current is
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measuredh KYQ& I ¢ RSTFAySa @2f Gl 3S LRGSYIGAlLt 0o+

(R):

v e 1.21
w 0OY ( )

The current response would be in phasih the sweeping voltage for adeal resistor.

However in many materials, it is not the case and complex equivalent circuits are used

to describe their behavior.

As potential is applied in a sinusoidal wave, the current response would also be
sinusoid&at the same frequency but shifted in phasegurel.12). In a linear system,
both the potentialand current responseas a function of time, can lukescribedas the

following[45):

v e 1.22
w 0OY ( )

0 OOETO %o (1.23)

7 A

Evand bis thepotential and current Y LJX A G dzZRS 2 F (K ardayrtsz 4

frequency whichs related to frequency (f) by

n 1.24
—| c“ Q ( )
From Eq(1.21), we can calculate the impedan{g)of the system as:

00 [eNe) =R . OBlo (1.25)

© % 0BT % YO0BT0 %
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Zy is the magnitude of the impedanc®/hen the sinusoidal potential and current is
L 20GSR 2y | 3ANY LIKI (GKS NIBA&dz Rigurdaldld).This 2 g1 f
istypically observed with an oscilloscope amdsthe acceptable method for measuring

impedance prior to modern EIS instrumentation.

PAAY 3 9dz SNRa F2NXNdzE X AG Aa LlaairoftsS

AdB% Al B Qi @t (126
00 OAgm o (1.27)
W OCAZE 0% (1.28)
j is the imaginary unit and thenpedance can beepresented as:
(1.29

W01 DA% O AT® Qi Bt
{ AYyOS %06. 0 Uothredan¥ihiggiayRar®,f can be plotted with the real
in the xaxis and imaginary on theaxis we have alyquist plot as shown iRigurel.14
for an electrochemical celln order to describe the data, equivalent circuits composed

of ideal resistors (Rgapacitor (G)and inductors (L)'he relationship vih impedance is

shown in

Tablel.3.
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Component Definition Impedance
Resistor 0O 0Y ® Y
. Q0 " P
Capacitor ‘0 6 — W .
P © %%y Q6
Inductor 0 Ugo O Q0
Qo

Tablel.3. Circuit elements used to model EIS spectra.

Because real systems do not behave ideally, two additioorlponents are

used constant phase element (CPE) and Warburg impedangeWZr y Rt SQa

circuitis typically used to interpret the impedance in an electrochemical Rgh the

uncompensated ohmic resistance of the electrolyte and electrogdés Be charge

transfer resistance, §Js the double layer capacitance, Zs the Warburg impedance.

Narquisian impedance spectra show a semtle at high frequency which is the

combination of Rand R:. At very low frequencies a vertical line in whiRlieaches its

limit which is the sum of (RrR:) and Rwhere Ris the limiting low frequency

resistance[46]

Slj dzAa @I

The diffusion coefficient can be calculated by Warburg impedance expressed

as:

Ad (GKS 2| NDbdzNH O2SFFAOASYGX 2 Aa

0S F¥2dzyR o8&

(1.30)

by AYIl 3

G F 1 Ay 3-1/8) KHis canttren ie us2dfin tive 8quation: O a
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_® 0o (1.31)
" vicgrae” Qo
Vn is the molar volume of the cathode, z is the charge transfer between the anode and

GKS OFGK2RSX C A& CINIYRIéQa O2yadebndi s !
dE/dx slope of voltage.
The eqation is rearranged to find D:
® Q0 (1.32
¢a 00, Qw

2SS F2f{t26SR 12Qa |aadzvLliaAz2zya FT2NJ CAOl Qa
diffusion into the cathode is a sesmifinite and that during the time period of the
measurement is taken for, lithium has not penetrated to the end of the cathpti}
Furthermore, the driving force faiffusion is a gradient in relation to composition and
that the electrical field in the electrode can be negated. Lastly, the diffusion coefficient
is linearly and independently related to the concentration over the range of the

alternating voltage thats applied.
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Figurel.13. Lissajous Figure is formed from both current and voltage components.
Reprinted with permission from Ref45].
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-Im(Z) (Ohm)

R, Ra R, Re(Z) (Ohm)

Figurel.14 An illustration of Randles circuitAdaptedwith permissionfrom Ref.[35].
Copyright (2014) American Chemical Society.

1.12 Overpotential polarization

Idealy it would bedesirable that all the chemical energy be converted to usable
electrical energy. Howeer, polarization can cause a drop in voltage and loss in energy.
Activation, concentration, and ohmic polarizations consume useful energy and release it
as waste heafFigurel. 154 K2 g & K2 ¢ (G(KSAS LRIINATFiA2ya

voltage.



38

A_ Open-circuit voltage

Ohmic polarization

Activation polarization

Voltage

Concentration polarization

Operating voltage

Current

Figurel.15. Cell paential profile as a function of current. There is a greater potential
loss with inceasing current Reproducedwith permissionfrom Ref.[2].

Energy loss is minimal when operating current is smallcamdbe detrimental
when large Even though the capacity of a battery is determine by the electrochemical
reactions,polarization can greatly affect their performance. In order to minimize these

effects, it is essential to understand tkemponents that casepolarization.

The reaction rate ideterminedby the slowest reaction step of the process. The
energy barrier in this rateletermining step must be overcome in order for the reaction
to proceed further. As a result, the electrode potential changegdeoto overcome
the barrier. Activation polarization is the overpotential caused by the energy barrier of
the rate-determining step of the electrochemical reaction. In 1905, Tafel observed that

this overpotential is linearly proportiat with the log othe current.

L o @i (1.33)
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2 KSNBE ' A& GKS 2@0SNIRGSYGAlf X Xhisisdnor® dzZNNEB y (i
Yy20A0SI o6t S dzy RSNJ K AduitioreghdsdehizsadSnysilidies 6f a ® ¢ | FS
activation overpotential for hydrogeformation where the sbwest step is the formation

of gas. As hydrogen ions collect at the cathode gaseous hydrogen is formed. It collects
together to form a bubblevhichwill stick to the cathode surface. This affects the kinetic

process as it lowers the amount of usable surface. Eventually, ergasgousydrogen

will collect together releasing it from the surface of the cathd@[47]

According to the Nernst equation, we can determine the potential for the

concentrdion at the electrode and bulk:

- YUY ., (1.34)
€

Where R is the gas constant, T is the temperature, C is the concentration of the bulk or
electrode surfaceBecause there is a difference in concentration, there is also a

LR GSYiAlLf RAFTFSNBYOS 6KAOK SABKEEBH.' 02y OSy
The concentration polarization could be reduced by either convectidoyancreasing

the operating temperatureo increase the movement of the electroactive spec|éS§]

Lastly, thee is ohmic polarization or IR drofill electrochemical cells have some
internal impedanceThe total internal impedance is compose of the ionic resistance of
the electrolyte, electronicesistance of the electrodand current collectors, as well as
the contact resistance between thenthis can be seen with EIS as mention previously.

Internal resistancgreatlyaffects theperformance and rate capability of a cdlhe
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voltage drop is proportional to the amount of current flowing through the cell as it

fof 2ga hKYQa {1l g

The total voltage drop frorpolarization can be expressed as:

o o - ~ _ ~ o (1.35)

B is the open circuit voltage of the cedl &), and 6 &) is the chargeransfer

overpotential or activation polarization at the anode and catha@l, and o6 (). is the
concentration polarization at the anode and cathodgs, the operating current, ang is
the internal resistance of the cell. At high curteates, voltage drops due to

polarization effect@re more apparent on both charge and discharge. The voltage gap

that is formed from this is called hysteresis.

1.13 Intrinsic Hysteresis

Not to be confused with hysteresisducedfrom polarization, intrinsic hysteresis
is the voltage difference from charge and discharge not caused by high cycling rates and
is inherent to a materiaPolarization gsteresis can be reduced by reducing the current
rate, minimizing particle size, oteetrode thickness. This effectively reduces the current
density or decrease the impedance from charge trandidmile this is more noticeable
in conversion materials, some intercalation materials contain a small amount of intrinsic

hysteresis[26] [49]

In intercalation materials, intrinsic hysteresis is a reBolin the many-patrticle

model. To understand this model, we first look at the propertiesa single particle.
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Assuming a single nargize particle of LiFeRheglecting possible mechanical
phenomena, the chemical potential of Li as a function of composition is shokigtine
1.16. The black dotted line is the equilibrium potentiaiiich the two phases (FeRO
and LiFePg) can coexistDuring galvanostatic charge (red), the potential passes the
equilibrium line as aoverpotential reaching a local maximujpoint A to B) This area

at point Bis the spinodal region where two phases are formed inside the particle, one
having a higher lithium concentration than the oth&uring this phase formation, the
potential decreaes back to equilibriur(point B to Cvill continue on the line during

charge(point C to D)

In the case where there are multiple particles involve, it assumettiese
particles are close enougb allow Liions to exchange with each otheSimilar toa
single particle case on delithiation, the potential passes the equilibrium potential and
into the spinodal region. At one point, a single particle will decompose into two phase
and the potential will decrease to the equilibrium poihwever it is nostablesince it
is in contact withother particles with varying amount of Li concentration. The single
particle will quickly become homogeneousteglistributing its remaining tions to
other particles As lithium continues to be removed from the systeme potential is
once again raised until another particle decomposes that the potential diopss
show inFigurel.17a. Though this may be noticeable in a small numbers of particles,
electrodes are composed of thousands of particles that these potential drops are never

seen resulting a higher than normal eliforium potential(Figurel.17b). [50]
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One of the drawbacks of conversion materials is the large hysteresid fauts
cycling profile[51] In conversion materials, intrinsic hysteresis is not mainly caused by
particletransformation but rather different raction pathways. As shown using first
principles, thee are many intermediate phases present on lithiation and delithiation.
[52] [53] [54] For example with FgFDoe et alinitiated that during lithiation the
calculated equilibrium pathway is to formkFek then Li,Fek before Fe ad LiF
precipitate out. However, kinetics can cause fieFleviate from this pathway and
follow nonequilbrium onesas the equilibrium potential does not match with that found
experimentallyas there are several potential drops in the voltage profilae possibility
is that there is a stable phase betweenJbek and 3 LiF + Réat allows it to drop
further down, such as LiFeBnd Li,FeysFs. The other is that the slow moving Fe in the
fluoride phase iso slow that it does not p@pitate out until Li concentration reaches
LiFek. This kinetic limitation would also expldime different pathway during

delithiation.
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Figurel.16. Chemical potential profile oLiFePQin a single particle caseéBlue curve
assume no phase transition. Red saris the expected pathway for a syhe particle
with a phase transformationAdapted by permission from Macmillan Publishers Ltd:
Nature Ref.[50], Gpyright (2010).
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Figurel.17. Chemical potential profile in anany particlecase.(a) assumes only 10
particles involved. (b) assumes only 1,000 particles involviedprinted by permission
from Macmillan Publishers Ltd: NaturRef.[50], Gpyright (2010).

1.14 Percolation Theory
In conversion materials, metal pripitates out during lithiation ang@otentially

formsa conductive metahetwork inan insulating lithium salnatrix. [32] [33] [18]
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Because of thenetal network through the insulating salt,itay support electronic
transport to the reaction front during dischargeh&a Y| G NAE 2 F canfdi | ¢
described through percolation theorfPercolation is a standard model for disordered
systems. It can be used to describe transport in amorphous and porous matéhés
can also be used in the real worldcsuasthe distribution ofoil in a porous rock or

water through coffeggrinds.To better describg¢his, f we assume a-B square lattice
where each site is randomly chosen to be either occupied with probapittyempty

with a probability 1p (Figurel.18). We also assume that occupied sites are completely
conductive and empty site completely insulative and that electrons can only travel
through conductive sites near eackher. Under low concentratiorp, conductive sites

are either isolated or had formed small clusters. In either case, current cannot travel

from one edge to the other. As concentration increases, more sites become filled until a

critical point,p., wheresites have become interconnected $apport electron transport.
Further increase will increase more interconnectivity between conductive particles
which in turn will increaseonduction. Belowp. is aninsulator andabovep is a

conductor. [55] [56]

There areseveral different models that are used to describe different types of
percolationnetworks, a few noteworthy are mention hereigitepercolationwas
described previouslwhere sites are considered part of a cluster when they are next to
each other. An example is a mixture of paramagnets and ferromagnets, wheggla p

mixture changes from paramagnetic behavior to ferromagnetic

Ay a
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Another different model is bond percolation, where all sites are occupied but a
physical bond between nearest neighbors is required to be part of a cl(itgrre
1.19). The probability for one site to bond to anothemiand at a critical concentration
of bonds,qc, the system changes for a phase with finite clusters to a phase of infinite
clusters wherehey are interconnected. An example is the gelation process in boiling an
egg, at room temperature it is a liquid and upon heating, it transforms into a-slodid
gel.Sitebond percolation is used in the gelation behavior in diluted liquids. In this case
clusters are formed when sites are both occupied with a probalglégd bonded with

a probabilityq.

Lastlythere is continuum percolatiowherethe positions in a mixture aneot
restricted to discrete sites of a latticbut in the overall materialUnlikesite and bond
percolation continuum percolation does natepend on the coordination number of the
lattice. A simple example is a sheet of conductive material where circular holes are
punched out randomly. The amount of conductive material is ndkaction, p. In 3
dimensions, the empty spaces can be treated as spherical voids in the material.
Continuum percolation is also known as the Swiss cheese model because of the
resemblance. This model has been used to describe sandstone or other porous

materials.

Percolation theory can be uséd describeelectronic transparin material
composite®® / 2y RdzZOGAGAGE o0 0 A& LINPLR2NIA2YI f

following equation55] [56]:

02
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(1.36)

Wherex. is the critical volume fractiowhere electronic transport can be supportad,

is a critical exponent which is30 for twadimensional percolation and 2.00 for three

dimensional percolationThe expected. is different depending on théype of model

used. ¥ can be found by measuring conductivity at different compositions as shown in
Figurel.20. The sharp increase in conductivity is determined to behere the metal

particles become interconnected to allow electronic transport. Conductivity @rx

vary fom several orders of magnitude since it becomes conductive from a completely
insulating state. When xzgonductivity continues to increase a few orders of

Y 3y A i dziy $henlz£iiidcomposed of only pure melK S ONA G A OF f  SE LR
canbedetermt Y SR o0& LJ 230G Ay 3 fx)énd inding thé HopeNabtlieLIS O G { :

linear region.

Figurel.18. Example of site percolation in a square lattidglack squares are
considered filled positionsAdaptedwith permission granted by Wolfram Companies,
www.wolfram.com, Ref.[57]
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Figurel.19. Example of bond percolatiorAdaptedwith permission granted by
Wolfram Companieswww.wolfram.com, Ref.[57]

10°

10° | I

Figurel.20d { OKSYIF GA O RAIFI3INIY 2F (GKS O2yRdzO0A DA
compositions (x). xis the critical volume fraction in which metal particles for a
02 Yy RdzO U A @ S isyhé dordachidtydf pure metal.
1.15 Summary and Organization of Thesis
Although intercalatiorpositive electrodenaterials provide decent capacity with

reasonable cyclabilityht demand for energy storageith higher energy densities has

led into conversion type materials. Irdmased metal fluoridesan provide three times
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the capacity of traditional intercalation aterials at a fraction of the codBy making
CMFNCs, the full capacity could be utilized reducing the fluoride into a percolated
network of metal in a LiF matrix. Despite these beneficial factbese arestill many
guestions that are left unclear suels the properties percolated structure that forms on
lithiation and the causes for its low cycling rate. This thesis will focus on identifying the
reaction mechanism involved during lithiation and delithiatiQuantifyboth electronic
and ionic transporaind relate to their poor electrochemical performancgstablish in
what way does mobility of ions affect the reaction pathway taken during lithiation and

delithiation, and how do these changes the hysteresis seen in the voltage profiles.

Chapter 2provides background information on the instruments used for

electrochemical and physical characterization throughout this thesis.

Chapter 3 presents detail work on ionic transport and reaction mechanism in
these ironbase fluorideaisinghigh resolutionPITT.In this chaptera new methods
presentedin determining intrinsic hgteresis eliminating nucleation induced
overpotentials The reaction mechanism for these fluorides during reconversion was of

interest especially FeF

Chapter 4 focuses on the electroiiansportaspect of these fluorides. The main
focus was to determine the percolated structure that forms during lithiatios
electronically supportingThin films of FeFwere deposited onto interdigitated
electrodes (IDE) and chemically lithiated. Results were compared with pure Fe film as

well asa contrasting fluorideBiFs.
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Chapter 5 incorporates the results from chapter 4. An alternative method was
used to quantify iaic transport in these fluorides by utilizing the conductive properties

of the percolated structure.
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2 Experimental Techniques

2.1 X-ray Diffraction (XRD)

XRD is a useful tool in identifying different phases in materials. It can be used to
determine size, shpe, internal stresses, and preferential orientation. It is most powerful
when applied to crystalline materials. Crystalline materials contain atoms that are
arranged in a long order repeating pattern in solid form. Amorphous materials are solids
having ory order short distances. Asr&ys penetrate the surface of the material, the
atomic planes of the crystal will causeays to interfere with each other as they exit.
However, at certain anglessray beams are reflected at the same angle as the incident
beam. Bragg correlated the diffractearay beam to the espacing between

crystallographic planes:

s 2.1
¢ _ CQOEL 1)

2 KSNBE Yy Aa GKS 2NRSNJ 2F (0KS NBTFt S&uAz2y odz
beam,distheda LI OAy 3 2F adz00SaaA@gsS | G42YAO LA I ySa:
atomic plane and both the incident and reflected bedfig(re2.1). Crystals can have

more than one plane with different-dpacings and each reflect at different angles. Each

plane is associated with a certain hkl associated with the crystal. At othersagbeys

are instead diffracted. There are seven major crystal systems: triclinic, monoclinic,
orthorhombic, tetragonal, trigonal, hexagonal, and cubic. Some compounds may have

the same crystal structure but have differensgacings for the same hkl. $hs from

the different elements that make up the compound. Since atoms have different sizes
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depending on the element, this can cause planes to have differaspiading. Because of
these differences, each crystalline material has a unique XRD pattern edridie used

for identification.

A typical XRD consists of three major componerisiyXsource, sample mount,
and detector Figure2.2). During opeation, two of the components move while the
third is fixed to form different incident beam angles. In thea) source, a W cathode
filament is heated to the point that electrons are ejected out of the material. Under high
voltage (4kV) and low current40 mA), electrons are pulled to a metal anode (typically
Cu) where they bombard it at high velocities. This causes the electrons in the metal
atoms to become excited, moving to higher orbitals and on relaxation they emit a
distinct wavelength xay. Sinceéhe two most common types ofpays generated aresK
and K, a filter is used to absorb the K-rays (typically Ni). Usually the ideal choice for a

X-ray filter is a metal whose atomic number is one less than the anode npa8hl.

Bruker D8 Advance diffractometer was used for XRD. rag Xource and
detector, in our case is a position sensitive detector (PSD), are mounted to a
goniometer. At the center is the sample mount that is fixed in place. Thelsamnpuunt
is custom made to hold a glass slide so that thin films or small amounts of powder could
be used There are two different scanning protocols that the XRD can utilize: continuous
and step scan. Continuous, as it states, the source and detector awoess various

angles without stopping so that all diffracteerays are collected. Step scan is similar to
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continuous except that its held at an angle for a certain period of time before

proceeding to the next angl@he protocol use here is a contimugscan from 150

° with 0.02 increments at 1.9 scan speed which is equivalent to a scan rate of

0.631°/min.

d-spacing

Figure2.1. llustration of XN @ Ly O2 YAy 3 o6SI Y

0SAy3 NBFt SO

X-ray source

Detector

Sample
mount
(fixed)

Figure2.2. Components of Xay Diffractometer.

2.2 Profilometer

Profilometry has been useful in the assessment of the surfaces using two

dimensional surface profiles. The two main types of profilometry are contachand

contact. Contact systems involve a mechanical stylus that scan along the surface of the























































































































































































































































































