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Abstract

The main aim of this thesis is teveal the chemical structures of the sdiligiid interphasen
lithium ion batteries by NMR spectroscopy in ordeutmlerstand the working mechanism of

electrolyte additives for achieving stable cycling perfance.

In the first part, @ombination of solution and solgtate NMR techniques, including dynamic
nuclear polarization (DNP) are employednmnitor the formation of the solid electrolyte
interphase (SElpn nextgeneration, higitapacity Si anode@n conventional carbonate
electrolytes with and without fluoroethylene carbonate (FEC) additivesodel system of
silicon nanowire (SiNWelectrodas used to avoid interference from the polymeric binder.
facilitate characterization vimne and twedimensional NMR, *C-enriched FECwas
synthesizednd usedultimately allowing a detailed structural assignment of the organic SEI.
FEC isfound tofirst defluorinated to form soluble vinylene carbonff€) and vinoxyl
species, which react to form bothlidgle and insoluble branched ethylemdde-based

polymers.

In the second part, the same methodology is applied to study the decomposition prioducts o
pure FEC or VC electrolytes containing 1 M LiPFhe pure FEC/VC system simplifies the
electrolyte solent formulation and avoids the interaction between different solvent molecules.
PolymericSEls formed in pure FEC or VC electrolytes consist mainlgro$slinked PEO

and aliphatic chain functionalities along with additional carbonate and carboxylatsspbae
presence of crodtked PEGtype polymers in FEC and VC correlates with good capacity
retention and high Coulombic efficiencies of the SiNsv®de Using?°Si DNP NMR, the
interfacial region between SEI and the Si surfaees probedor the first timewith NMR
spectroscopy. Organosiloxanes form upon cycling, confirming that some of the organic SEI is
covalently bonded to the Si surfattas suggetedthat both the polymeric structure of the SEI

and the nature of its adhesion to the redottve mateals are important for electrochemical

performance.

Finally, the soluble decomposition products of EC formed during electrochemical cycling have
been horoughly analyzed by solution NMR and mass spectrometry, in order to explain the
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capacityfading ofSi arodesin a conventional E@ased electrolyte and address questions that
arose when studying the additigeentaining electrolytesThe cetailed strutures forthe EC-
degadation productare determined: a linear oligomer consist of ethylene oxide and cégbona
units is observedsathe major degradation prodw§tEC.
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Chapter 1 Introduction

1.1 Introduction to lithium ion batteries

Lithium ion batteries (LIBs) have beendely applied in portable electronics and have drawn
increasing attention for potential applications in electrical vehicles (EV) and disttilgrid
storage:? Vehicle electrification is now seen as a promising way to reduce the carbon emission
and to improve the urbanrajuality. Countries including UK, France, Germany and China
have announced plans to ban the sales of internalusiiab engine vehicles by 2030 in order

to meet the carbon reduction target. Though EVs are almost exclusively powens biys
market shre is only 26 and sales rely heavily on supporting government péliy. EVs to

be more widely adopted, key properties of LIBs must be improwediiding energy density,

cycle life, cost, safety, fagharging rate and gticompatibility?

The arrentwidely-used, commeral LIB chemistry is shown ifrigure1.1. The cell consists
of alithium transition metal oxide as the cathode, graphite as the anoda arghnic liquid
electrolyte. The statef-the-art electrode materials and their future ook are briefly

summarized below.
Cathode materialks

Most cathode materials are lithium transition metal oxidith a layered structure (LIM£)
M=Co, Ni, Mn, etc) that provides channels for Li ion diffusion. Pioneering works by
Whittingham and Goodenougim ionic conductor and guelsbst chemistry led to the widely
applied cathode materials usatipresentAmong the layered oxides, LiCe@as he first

material to be successfully commercialized by Sony in 1991. Though Li¢ft&ds a long
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Figurel.1 Schematics of basic compents in a lithium ion battery cell and a mosaic model of the solid electrolyte
interphase(SEI) adapted from ref.

cycle life, onlyapproximately0.5 mol Li ion can be removed per unit cell because further
delithiationdestabilizes the layered structure, limiting the capacity of LoQ40 mAh/g.

To redice the cost and increase the energy density further, the general strategy isttdesubsti
cobalt with other transition metals. Nickel, manganese and cobalt (NMC) or nickel, cobalt and
aluminium (NCA) type layered oxides are currenthe two most widelyused positive
materials in EVS.In NMC, the Mrf* is inactive in the structure, whereas theé@doffers a
oneelectron redox process, and part of the nickel can offer two electron processes for the
Ni2*#* couples. Hence, the higher the Ni contetite higher the capacity for different
compositions of NM@athodesFor example, the capacity of NMI11 (LiNi1sMn13C01302)

is ~160 mAh/g, whereas NM811 (LiNio.sMno.1C.102) possess a theoretical capacity 002
mAh/g. However, high Ni content cathodes exhibit significantly shorter diyeleand lower
thermal stabilities. Synthesizing NMC particles withridh cores and Mimich shelshas been
proposed as a feasible wayrhitigate the capacity fadiffgCurrently, intense research is being
performedo improve the NNC-811 material. Another pe of future cathode matesarethe

Li-rich oxides which incorporate lithium, nickel and mangametsethe cobalt layet The Li-

rich NMC cathode offers significantly higheapacity (~300 mAh/g) asig thowght to exploit



the anion redox activity of oxygen, but it suffers from slow kinetics, rapid voftatjegand

capacity fadinghat hindeiits implementation in the near futufre.
Anode materials

With respecto theanodechemistry,carbonaceousaterialssuchasgraphitearewidely used
in theanodé® 1° The opeatingvoltageof graphite(50i 200mV vs. Li*/Li) is similar to thatof
Li metal,whichmeanghatgraphitecanoffer high voltagein afull cell. Thecommercialization
of graphiteanodesds closelyrelatedto the careful selectionof electrolyteandadditivesasthe
operatingvoltageof theanodds belowthestabilitywindow of theelectrolytesolventg<1.2V
vs. Li*/Li). During cycling, a passivationlayer called the solid electrolyteinterphasg(SEI)
forms on the anodesurfaceto preventfurther electrolytedegradatiorasillustratedin Figure
1.1. In propylenecarbonatgPC) basedelectrolyte,solventco-intercalationwith the Li ions
occursthat exfoliatesthe graphitesheetsBy replecing PC with ethylenecarbonatgEC), the
natureof theSEllayeris alteredandEC enableseversibleLi ion insertion/extractiomto/from
graphite layers. Another anode material is lithium titanate (LisTisO12, LTO), which is
nominally SEHree asits operatingvoltageis around 1.55V vs. Li*/Li andit is within the
stability window of thesolvents LTO anode providefastchargingcapabilitiesatthe expense

of areducedbverallcell potentialt!

FornextgeneratioranodesSi-basednaterialsandLi metalareexpectedo play animportant
role, becauseheyboth offer high cgpacitiesaswell aslow operatingvoltages.Unfortunately,
the large volume variation of Si that occus during lithiation/delithiation resultsin poor
interfacial stability andunabatedSEI growth. The majorissuegelatedto adoptingSi anodes
will bediscussedn detailin thelatersectionsFor Li metal,mossyandneedlelike structures
form (also known as Li dendrites)during Li deposition Thesedendrites can penetratethe
separatoleadingto cell shortcircuiting, thermalrunawayandevenexplosia. During charge,
nonuniformLi dissolutiontakesplaceonthedendriticLi anddeadLi forms,whichlowersthe
energydensityof thecell asmoreLi metalis neededo compensatéor theLi loss.Strategies
to overcomethesedifficulties include surfacecoaing, a judicious selectionof electrolyte
formulations and finding a compatible solid electrolyte that exhibits sufficient ionic

conductivity



Electrolytes

Commercial LIBs typically contain organic liquid electrolytes based on lithium

hexafluorophosphatéLiPFs) dissoled in a mixture of linear and cyclic alkyl carbonate
solvents.The bulky PFs anion (Figure 1.2) is a soft Lewis acid that delocaliseghe negative
chargeandhaslow dissociationenergywith Li cationsso thatits salt hashigh solubility as
well asa high cationtransferenceaumber(i.e. the portionof ionic conductivityarisingfrom Li

cations).Moreover,the PR anion passivateghe aluminium currentcalector usedon the
cathode,thus enablingAl to operateat high voltage. Similar superacid anionsincluding
bis(trifluoromethanesulfonyl)imid€TFSI), and bis(oxalato)boratéBOB) are currentlyused

asadditivesor replacemensalts®

Therequirementdor electrolytesolventsinclude high dielectric constant(to dissolvethe Li
salt) low viscosityandwide operatingtemperatureT he stateof-the-art solventsarebasedon
alkyl carbonatesndnormallya mixtureis usedto meetthecriteria listedabove.For example,
thecyclic carbonate(e.g.EC),whicharehighly polarandratherviscous aredilutedwith fluid
linear carbonatessuch as dimethyl carbonate(DMC). To tailor the performanceof LIBs,
variousadditivesarecommonlyaddednto thebaselineslectrolytewith concentratiomessthan
5 wt%. Sincethe choiceof solventsaffectsthe solvationsheathof the Li ions, the properties
of the SElcan bemodifiedto achievecertainfunctions.While ECis indispensabléor graphite
anods, additivessuchas fluoroethylenecarbonatgFEC) and vinylene carbonatgVC) are
particularlyusefulto extendthe cyclelife of alloy-type anodesFEC andVC coordnatewith

Li ionsandarepreferentiallyreducedo form aneffective SEI.

The main issuewith liquid organic electrolytesis their poor intrinsic safety, especiallyat
elevatedtemperaturesTo replacethe volatile and flammable liquid electrolyte, Li ion
conductivesolid electrolytesareattractingincreasingattention.Therearegenerallytwo types
of solidelectrolytespolymerbasedandinorganicceramicbasedPoly(ethylenexide) (PEO)}
typesolid polymerelectrolyteshavebeenusedin batteriesn anEV-sharingprogrammecalled
Bluecarfor urbantransportatiorwith limited drive-ranges-?2 However,the ionic conductivity
and oxidation stability of PEO-basedelectrolytesstill needto be improved. Promising
inorganicsolid electrolytesbasedon sulfideshavebeenreportedto haveevenhigherionic
conductivitythanliquid electrolytes;® however problemsremainto be solvedregarding
4
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Figure 1.2 Chemical structures of lithium salts and solvents in the electrolyte (a), andis/adilitives (b)
summarized from ret?. Cyclic carbonate solventsthylene carbonate (EC) and propg@earbonate (PC); linear
carbonates: dimethyl carbonate (DMC), diethyl carbonate (DEC) and the asymmetric etinyl cadionate
(EMC). Additives include carbonate based: fluoroethylene carbonate (FEC), vinylene carbonate (VC),
difluoroethylene carbonateF2ECY®> and vinylene ethylene carbonate (VEE€)Etherbasedsolvent 1,3
dioxolane (DOL); esterbased addiive: succinic anhydride(SA)Y; silanebased additives monomethoxy
trimethylsilane(MTMS), dimethoxy dinethyl silandDMDMS) and trimethoxynethyl silane(TMMS).18 Boron

based anioneceptoradditive: tris(pentafluorophenyl)boran€rPFPBY?, for stabilizing LiPk. And otherLi salt
additives LiPO3F, lithium bis(trifluoromethanesulfonyl)imid@iTFSI), lithium bis(oxalato)borate (LiBOB) and
lithium difluoro(oxalate)borate (LIDFOB)

conformingthe solid active materialto the solid electrolyteinterphaseand maintainingthe
interfacialreactiongduringcycling.

Solid electrolyte interphase

The principle of SEI formation is illustrated in Figure 1.3. The intrinsic thermodynamic
stability window of the electrolyteis determinedy the energyseparatiorbetweerthe lowest
occupiednolecularorbital (LUMO) andhighestoccupiedmolecularorbital( HOMO) (denoted
Ey in Figure 1.3) of the electrolyte.The opencircuit voltage(OCV) of the cell is determined

by the electrochemicapotentialsbetweenthe anode(ua) and the cathode(uc), which is



normally wider than Eg. During the first dischargeprocess electronflow in to the anode,
pushingup theenergylevel of anodeabovethe LUMO of theelectrolyteto pad(Figure1.3b).

Thus, the electronsfrom the anodetendto reducethe electrolyteunlessa passivatn layer
(SEI) createsa barrierfor electrontransfer.Similarly, when electronsare pulled out of the
cathodethepotentialof the cathodedecreaset anenergylevel of pcobelowthe HOMO that
canoxidizetheelectrolyte.In this casea cathodeelectolyte interphasg CEl) formsto block
electrontransferfrom the electrolyteto the cathode thus preventing further oxidationof the
electrolyte.The formation of SEI and CEl expandsthe stability window of the electrolyte,

enablingthe cell to operatan akinetically stableenvironment.

Energy (a) Pristine cell (b) After cycling
A
FORO e o [ ]
3 - Anode e,
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Figurel.3 Election energy diagram of a lithium ion battery cell (a) before and (b) after cycling. The Fermi energy
levelsof the anode anthe cathode are denoted as and ¢, respectively. Erepresents the thermodynamic

stability window of the electrolyte. OCV the opencircuit voltage.

1.2 Silicon anodes

Toincreaseheenergydensityfurtherrequireselectrodanaterialswvith highercapacitesandor
largerdifferencesheweentheanodeandthe cathodeslectrochemicabotentials Silicon is one
of themostpromisinganodematerialsdbecausef its high capacity(3579mAh/gfor Sivs. 372
mAh/gfor graphite)andits relativelylow operatingvoltage(0.4V vs.Li*/Li). Otherfavourabé
featuresof Siinclude its earthabundancdpw environmentalmpactandthe matureindustial
infrastructurealreadyavailable Unfortunately,the lithiation of Si electrodess accompanied
by its large volume expansion(~300%, for the formation of Liz7sSi),>° which leads to
pulverizationfor largeSi particles(>150nm) in theinitial cycles.Thelargevolumevariation
6
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Figure 1.4 Electrode structure and binder design for Si anodes. (a) Main failure modes for Si anodes. (b) General
strategies for modifying activeaterials by using SC composite or SiQ (c) Various binder concepts for Si

anodes. SEI, solidlectrolyte interphaséigure alapted from ref?1-22

of theSianodeoverlong-termcyclingresultsin delaminatiorof theactivematerial. Moreover,
thecontinuousexposuref freshSi surfaceduringcycling causesincontrolledSEI growthand
poorcycling performancé. Thesemajordegradatiomoutes of the Si anodearesummarizedn
Figure 1.4a. To date,various strategieshave beenemployedto stabilizethe Si anodethat
include 1) electrodestructuralengineering,2) binder designand 3) a careful selectionof

compatibk electrolyteformulations.
1.2.1 Electrode structures

A risk-reductionrouteto graduallyimprove the anodecapacityis by using Si-C composite.
Mixing Si with variouscarbonsourcessuchas carbonnanotubesand/orgrapheneaesuts in
improvedelectronicconductivityof the Si electrode’¥ 2’ Encapsulatingsi within the carbon
cagepotentidly avoidsdirectcontactbetweertheelectrolyteandthe Si surfacgFigurel.4b).28
ThoughthesehierarchalSi-C compositefiavebeernreportedo significantlyimprovethecycle
life of Si anodes,thesedelicate structuresrequire lengthy synthesisstepsand the Si-C

7



compositepowder generallyhas poor tap density, renderng them unrealisticfor industrial
applicationsToday, alow contentof Si (< 5 %) is incorporatednto the Si-C compositethus
it is necessaryo reachlow lithiation voltageto achievethefully capacityof graphite(~0.05V
vs. Li*/Li). Howeve, highly reactivelithium silicide (e.g. Li1sSis) formsin the low voltage

regionthatexacerbateslectrolytereduction.

Thefirst commercialize®i-basedmaterialwassilicon monoxide(SiO). SiOis currentlyadded
into the carbonbasedanodeat 2-5 % and its low usagereflectsthe limitations on currentSi

technology SiO hasa bettercyclelife thanpureSi, which hasbeenattributedto the buffering
layer formedduringtheinitial cycle (Figure 1.4b). The buffer matrix preventsdirect contact
betweenthe highly reactive lithium silicide and the electrolyte, thus minimizing further
electrolytereduction?® Onedrawbackof SiO is its largeirreversiblecapacitylossduring the
first cycle, necessitating prelithiaitonstepduring fabricationto compensatéor the capacity
loss.

1.2.2 Polymeric binder

Practical electrods are formed from a compositeconsistingof active material,conductive
carbon,and polymeric binder as depictedin Figure 1.4c. The interactons betwea these
componentsare critical for longterm cycling performance.Desired propertiesfor the
polymericbinderincludel) strongadhesiorto the activematerialandthe currentcollector,2)
low electrolyteuptake(to preventsolventcontactwith the Si suface),and3) high elasticityto

accommodatéhe volumevariationsof Si duringcycling.

Conventionabinders,suchasPVDF usedin graphiteanodesarenot suitablefor Si anodes.
PVDF hasweak Van der Waalsinteractionswith the Si surface,andit swels in carbonate
electrolytes, leading to poor electrochemicalperformanceé® Poly(carboxylic acid)}type
polymerbinderssuchas carboxylmethyl cellulose(CMC) and polyacrylic acid (PAA) have
beenreportedo greatlyenhancehecyclelife of Siandotheralloy-typeanodematerials® The
carboxylicacid group potentiallyinteractswith the hydroxyl groups on the Si surfacein the
form of hydrogenbondingor ion-dipole interactions,dependingon the pH of the prepared
electrodeslurry3? The pH also influencesthe conformationof the polymer. In neutral pH
solvent,linear polymeris morestretchecandis distributedmoreevenlywithin the composite
8



electrodes®However,CMC andPAA areall linearpolymerswith poormechaniel properties.
Recently,a crosslinked PAA polymerwith high elasticity hasbeensynthesizedhat shows

promisingresults allowing micron-sizedSito becycledwith stablecapacitiegor 400cycles
1.2.3 Electrolytesfor Si anodes

Apart from structuralengineeringand polymerbinderdesign,one of the most costeffective
ways to improve the performanceof the Si anodeis to find a compatibleelectrolyte.For
example etherbasedelectrolytessuch as 1,3-dioxolane (DOL) form a stable SEI on Si,
howevertheoxidationvoltageof etherbasedsolventds generallylowerthanalkyl carbonates
resultingin severeoxidationwhencycledat high voltage.Derivativesfrom alkyl carbonate
basedsolventsuchasfluoroethylenecarbonatéFEC)andvinylenecarbonatgVC) aretwo of
the most popular additives in LIBs. The electronwithdrawing group in FEC and the
polymerizable double bond in VC make them more vulnerable to reduction Their
electrochemicateductionproductsandtheir reductionmechanismarethe main focus of this
thesis Otheradditivesfor Si anodesarelistedin Figure1.2, whichincludesiloxanest lithium
bis(oxalato)boratéLiBOB) andlithium difluoro(oxalate)borat€LiDFOB) salts®

1.3 Solid electrolyte interphase

Much effort hasbeendedicatedo understanihg the natureof the SEl thatformson Sianodes,
with a variety of techniquesemployedincluding FTIR 2637 XPS3¥40 TOR-SIMS ! SEM,
TEM,*243E|S 44 Ramen*® andNMR spectroscop§® “° PreviouslydetectedSEl componentsn
the EC/DMC systeminclude a combinationof inorganicand organicspeciessuchas LiF,
LiOH, Li2COs, ROCGOLIi, ROLi and PEOtype oligomers or polymers. Of note, XPS
measurementsn the SEI usng depthprofiling haveshownthatthe SEI compositionvaries
with thedistancerom the Si surfacetheregionnearthe electrodecontainsmoreinorganicLi
salts,while the portion closesto the electrolyteat the surfacehasmoreorganicspecies? The
compositionof SElis likely dynamicandair-sensitiveits thicknessandspatialarrangement
may vary dependingon the electrolyteformulationsas well asthe cycling conditions(e.g.

cutoff-voltages cyclenumbertemperaturegtc.).
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Figure 1.5 Degradation products in standard 8&sed electrolyte and its influence on the composite electrode.
(a-b) Major reduction products of EC. (c) Schematic showing microscale processes within the Si elafteodes

cyding. A crosssection of theeycledcomposite electrode revealed by the FIB/SE\gure alapted from ref®
1.3.1 Understanding SEI in baseline electrolyte

Fundamentastudieshavebeenperformedo understandhe SElI compositionformedontheSi
compositeelectrodein standardeC-basedelectrolytes (Figure 1.5). It is widely agreedthat
lithium ethylenedecarbonatéLEDC) is animportantcomponenbf theorganicSElthatforms
from two-electron reduction of EC>%%! Other organic speciessuch as lithium ethylene
carbonate(LEC) and lithium butylenedicarboante(LBDC) have also beenidentified via
detailedhomonuclear3C and heteronucleatH-*C NMR correlationexperiments$! Apart
from the shortchan oligomers,the majorinsolubleorganicSEls from EC arereportedto be
PEGtype polymes.*® Moreover the SEl formationin the standarcelectrolytecorrelatesvell
with theincreasedortuosityandporecloggingof the electrodeasobservedisingfocusedon
beamandscanningelectronmicroscopyasillustratedin Figure1.5¢.48 With athickeningSEl,
capacityfadingis primarily attributedto theslow Li ion kinetics,sincetheincreagdelectrode

tortuosityseverelylimits Li ion diffusion throughthe electrodeandthusuniform lithiation.

10



1.3.2 Understanding therole of additives
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Figure 1.6 Reduction products of FEC and VC proposed in iieedture. (a) A Li ion conductive polyetgpe
crosslinked polymer derived from a fowlectron reduction process of FEC proposed irr¥dfased orthe
observations from ofine electrochemical mass spectrometry. (b) A poly(VC) type polymer from the reduction
of FEC and VC based on ssNMR daf(c chemical shifts are assigned on the structanescoloured in blue
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Amongthe numerougossibleelectrolyteadditives,FEC andVC aretwo of the mostwidely
usedandhavebeenshownto improvethe capacityretentionof Si anodesandothertypesof
electrodematerials’®® However,the mechanism$y which theseadditivesmodify the nature
of theSElarenotwell understoodiueto theinherentdifficulties associateavith characterizing
disorderedinterfacial structures.Characterizatiorof the few nanometethick SEI layer is
further convolutedby the fact that the materialis usually air-sensitiveand amorphousthe
former presentingchalengesin samplepreparatiorand the latter with structuralassignment
with, for example, diffraction-based techniques. Despite these difficulties, electrolyte
breakdown productsin the presenceof FEC have been characterizedby a variety of
spectroscopi@and modeling approacheso provide insightinto the chemicalcompositionof
the SElon Sianodes

Organic SEI from FEC/VC: poly(VC) or polyene?

The organicSEI derivedfrom VC was characterizedby Ota et al., who usedsolutionNMR
spectroscopyand gaschromatogaphyto prove that poly(VC)-type specieswere formedon
graphite cycled in pure VC electrolyte*® The formation of poly(VC) has been further
confirmedby Ouatanietal., whodirectly synthesizegoly(VC) via radicalpolymerizatiorand

comparedhe XPS valencespectraof syntheticpoly(VC) with the SEI formedon graphite>*
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Moving from graphiteto Si, theadditionof VC alsoenhancetheelectrochemicgberformance
for Si, andits beneficialeffectis generallyattributedto thepolymericspecieghatareformed?®
Though poly(VC) is often mentionedin the literature, thereis no clear picture aboutits

structuraldetailsnor an estimationof its molecularweight.

Fouriertransforminfrared (FTIR) spectroscoppuggestedhat FEC likely transformsto VC
throughHF eliminationandsubsequety polymerisesto form poly(VC)-typespecies® Strong
evidencefor the poly(VC) structurecomesfrom a studyreportedoy Michanet al., who used
solid-stateNMR (ssNMR)to analysethe precipitateformedby chemicallyreducingFEC with
lithium naphthalenidé® A 3C NMR resonancet 100ppm, which had not beenpreviously
observedn thedecompositiorproductsof EC, wasassignedo anacetalcarbon(a protonated
carbonenvironmentadjacentto two oxygengroups),andrepresents potentialcrosslinking
unitin poly(VC) asshownin Figurel.6b. Of note,acetalcarbonswereobservedn pioneering
NMR studiesof the SEl formedon graphiteby Leifer etal.>® However someof theresonances
in Michan et a | .work*® were partially obscuredby the presenceof excesslithium
naphthalenid@ theprecipitatewhich complicatedurtheranalyss. Perhapsnoreimportantly,
the chemicallyinduced FEG-polymer may differ from the organic SEI generatedhrough
electrochemicaleductionnecessitatinfurtherstudieson SEldecompositioproductdormed

in batterymaterialsoverthe couseof cycling.

In contrasto poly(VC), polyeneis proposedo form from the reductionof FEC mainly based
on elementaknalysistechniquesand massspectrometry’ Nakai et al. studiedthe reduction
of FEC on Si by X-ray photoelectrorspectroscopyXPS) andtime of flighti secondaryon
massspectrometry(ToFSIMS) and found evidencefor oxygendeficient speciessuch as
polyene*! The presenceof low-oxygencontent polyeneswas further supportedby energy
dispersiveX-ray spectroscopyEDS)andon-line electrochemicamnassspectrometrfOEMS)
performedduringthereductionof FEG-basecelectrolyteon Si anode.'3 For example Junget
al. studiedthe Si anodewith 1 M LiPFs in EC: EMC (3:7 wt/wt) + 5 % wt FEC electrolyteby
OEMS and observedthe evolution of COz, Hz and Cz2H4 gasesduring the electrochemical
decompositiorof FEC>? The authorsassumedhatthe origin of the H2 gasessomesfrom the
reductionof FEC, and proposeda four-electronreductionmechanisnfor FEC leadingto the

formationof polyeneasshownin Figurel.6a. However,Metzgeret al. from the samegroup
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showedthatthe H> evolutionstemssolely from the reductionof the traceamountof waterin
the graphite/Lihalf-cell, sincethe detectecamountof H> corespondswell to thetypical H2O
contaminationn carbonateslectrolyteandH> doesnotincreasealuringcyclingonceall H2O is
reducecP® Thedisputein the organicSEI chemicalstructurerequiresmorethoroughstudiesin

thisarea.
Int erphasebetweenSEl and Si: fluorosilicate or siloxanes?

Duringcycling, the Si surfacecanbemodifiedby reactingwith electrolyte XPSwork reported
by Philippe et al. suggestedhat Si canbe oxidizedduring cycling, forming lithium silicates
andfluorosilicatesin the presencef LiPFe.1® Nakai et al. suggestedhat FEC canprotectthe
Sisurfaceagainstklectrolyteoxidation,probably dueto theformationof a passivatiorlayeron
Si surface!! A recentdetailedXPS studyby Schroderconcludedthat the reductionof FEC
leadsto the formationof a kinetically stableSEI comprisingpredominatelynorganiclithium

fluoride andlithium oxide,which improves lithiation kinetics®

The natureof the interactionsbetweenthe SEI speciesandthe Si surfaceare critical for the
stability of the SEI. However,the surfacestructuresof cycled Si remainelusivedueto the
inherentdifficulty in characterizingthe buried interphase Despite thesedifficulties, XPS
studieshave reportedthat, in the cycled Si electrale, the Si 2p peakcorrespondingo SiO;
shiftsto alower binding energy,indicatingthat SiO, may bereduceddueto alloying with Li
or theformationof a Si-C specie$? 62 However detailedinformationconcerninghe naure of

thechemicalspeciesandstructureof the cycledSi surfaceis still lacking.
1.3.3 lonic and electronic properties of SEI

Apart from the chemicalstructureslittle is knownabouttheionic andelectronicpropertiesof
theinterphaselt is well acceptedhatanideal SEIshouldbeLi ion conductiveto facilitatethe
Li ion transportfor high powerapplications Otherrequirement®f the SEl includethatit is
electroni@lly insulating(i.e. prevens electrontunnelling)andexhibitslow solventpermeatio,

sothatfewersolventmolecules would bereducedasillustratedin Figurel.7a.
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Figure 1.7 Properties of SEI. (a) Sematic showing SEI shouldebLi ion conductive, but prevent solvent
permeation or electron tunitiag to create new SEI. (b) Mechanism of Li ion transport in the SEI®fil)
Schematic of the Li ion transfer steps at the graphite/electrode interphase: the desolvation process is more

energetically demanding than the diffusiof bare Li ions through the S#!.

Lu andHarriswerethefirst to measureheLi ion self-diffusion processn the SEl by using®Li
and’Li isotopelabelling®® The SEI wasfirst formedusing®LiCl saltandwas subsequen
soakedn bulk electrolytecontainingnaturalabundantLi nuclei.TheLi* self-diffusionprocess
is reflectedby theratio of °Li/ ’Li measuredby SIMS acrosshe SEI (Figure1.7b). A two-phase
Li ion transporiprocesss verified: Li " ionsfirst diffusethroughthe porousorganicSEl layer,

thenmigratethroughthe densenorganiclayervia interstitial defects:3

In aworking cell, the Li ion diffusion processat the electrolyte/electrodeterphasas more
complicated.The Li ions shouldfirst desolvateat the SElelectolyte interphasethe barelLi
ions,then,diffusethroughthe SEI. Forthegraphiteanodeijt is difficult to distinguishbetween
thesetwo processesndthe overall activationenergybarrier (Ea) for themwasfoundto be
5 0 7 kJInlolby electrochemicampedancepectroscopyElS) asshownin Figurel.7¢c.® To

elucidatewhich is the ratelimiting step,Xu et al. useda nominally SE-ree LTO anodeand
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measuredts Ea underthe same conditionasthatfor graphiteandfoundit to be ~ 50 kJ/md.
Thesimilar Ea valuesfor a SEHree LTO anodeanda SEIlcontaininggraphiteanodesuggests
thatit is thedesolvatiorstep,ratherthanthe stepof Li* diffusion throughthe SEI, thatis more
energetically demanding Neverthelessthe authorsalso acknowledgedhat this conclusion
appliesto the graphiteanodeunderideal conditions,but it may changeif a denserandmore
resistiveSElformson alloy-typeanodesin generalthe selectionof solventmixture altersthe
coordinationshell of the Li ions, andit furtherinfluencesthe desolvationprocessthereby

affectingtherateperformanceof the battery.

To probethe role of electronictunnelling throughthe SEI, an indirect approachhasbeen
employed where redox active ferroceneis injectedinto a cycled pladic bag cell.%* After
injection, ferrocenediffusesto the electrodesurfaceto form ferroceniumif the SEI is not
completelyformedandelectrontunnellingoccurs.Alternatively, if the porosityof the SElis
large,ferroceneseasilydiffuse to the electrodesurface closeenoughfor electrontransferto
take place.By monitoringthe evolution of the opencircuit voltageandthe cell impedance,
importantinformation can thus be obtainedregardingthe completenessf the SEI and the

reductionkineticswithin the SEI.
1.3.4 Artificial interphase

While sacrificial electrolyteadditivessuchas FEC and VC canform a relatively stableSEl,
unwantedsideproductssuchasCO, andH2 gasegvolvefrom the SEHorming processwhich
aredetrimentalfor commercialbagcells. As the addtives are continuouslydecomposedhe
depletionof the additivesis reportedto resultin suddencell failures® The consumptiorof
additiveswould be moreseveran commercialLIBs asmuchlesselectrolytevolumeis used.
Therefore artificial SElshavebeendesignedwith the aim of protectng Si anodeswith fewer

side-effects.

Pioneeringwork by Piper et al. reporteda polymercoatingmethodthat resultsin superior

electrochemicaperformancdor Si anode$>%89The Si nanoparticlesverefirst mixed with

polyacrylonitrile (PAN) solution to form conformalcoating. The slurry wasthencastonto a

Cu currentcollectorandsubjectedo heattreatmento form thecyclic-PAN coatinglayer.The

pyridinetypeconjugategolymeroffersbothhigh Li ionic andelectronicconductivitiesandit
15



/ 1.8
B © si 3
Y
B o . sl L 161 PAA
Ar+H:
1.4
S{’ — \S( e AR = / PR-PAA
O Annealling o ‘ a 12
Si/ Siv’ " | o~ Z
N 1~ / £1.0 1/
123 | [ |
i \ = » 0.8 & &
\ ol X 206 V& = 3 s
" Y - 0. / Fa -
CH2 CH: Annfalling / ~ 7] f | € e 4
K S\l—"'\_n/ G 0.4 na °i Qo‘ > x
4 | <
CH CH ~ CH CH 19 . |
| : | / 0.2 Point1  Point2 Point 3
Annealling 1
¢ C C C r : : T - T :
W W /\\/\\ 0 50 100 150 200 250 300 350 400
N N N NH

Strain (%)

—7 TN
ps %
, \
A
/
TN \—\f\,;)(

i

(b)

Mechanical
properties

interfacial
connections

L* '50,CF, @
(@ M M
eO“/\O} e
[#

!
/
xM/\/\/\/\/\. ‘/

Figure 1.8 Examples for artificial SEI designs. Schematic of the general strategies for SEI studies (middle). (a)

N

Coating Si nanoparticle with cyclic poly(acrylonitril®).(b) Solid polymer electrolyte with high Li ion
conductivity®® (c) A highly elastic binder for Si anode: the streBsin airve of polyacrylic acid (PAA) and cross
linked polyrotaxand?AA.3* (d) Artificial SEI with covalent bond to the Si partide.

is usedasthe binderaswell asthe conductivematrix for the Si electrode However,it is still

unclearhowthecyclic-PAN stabilizesthe Si particles.

With respectto the Li ion conductivity, knowledge accumulatedin the solid polymer
electrolytes(SPE) areais relevantfor designingan artificial SEI. A novel SPEconsistingof
crosslinked polyethylenepoly(ethyleneoxide) wasreportedoy Khuranaet al.” Its structure
is shownin Figure1.8b with the PEOpartproviding Li ion conductivityandPE partoffering
mechanicastability. With optimizedchainlengthandtheweightpercentagef plasticizer the
SPE exhibits high ionic conductivity (>1.0 x 104 S/cm) at room temperatureMoreover,

thoughthis SPEhasalow modulus,it showsexcellentresistancéo Li dendritegrowth,which
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is unexpectedasedn thewidespreadelief thatonly mechanicdy strongSPEsuppresseki

dendrit formation

A mechantally flexible SEl is desirablefor alloy-type anodematerialsso thatlarge volume
variations of the electrodecan be accommodatedThe highly elastic polymeric binder
illustratedin Figurel.8c is arecentbreakthroughn thisfield. By incorporatingpolyrotaxanes
in the conventionalinear polyacrylic acid (PAA), the mechanicabropertiesof the polymer
arealteredto behighly elastic.Thesliding ring in the polyrotaxaneactslike a pulleyto lower
the stressof anappliedforce. This polymerbinderevenenablesstablecycling of micronsize

Si without severepulverization®*

Apart from the desirablepropertiesmentionedabove,the interfacebetweenthe SEl andthe
electrodeis crucial for chargetransfer.Gao et al. reportedan artificial SEI consistingof
PEOI VC typeoligomersthatareanchoredn the SiNP via click chemistry?”-"* The authors
emphasizedhatthe covalentbondingbetweerthe SEl and Si nanoparileshelpsto maintain
stable electrochemicaperformance Such interfacial engineeringis also relevantfor solid
electrolytesas mostionic or electronicresistancecomesfrom the grain boundariesandthe

interfacialregionin thesematerials.

1.4 Outline of the thesis

In this thesis the mainfocusis to understandhe chemicalcompositionof the SElIformedon
theSianodeandtheworkingmechanismof electrolyteadditives FECandVC. VariousNMR
techniqueshave been employed to elucidate the structuresof the SEI. The relevant

methodologiesiredescribedn detailin Chapter2.

In Chapter3, the SEI componentgormedin a standardelectrolytewith 10 vol % FEC were
thoroughlyanalysed. Basedon both the solubleandinsolubleorganicandinorganicspecies
observedadecompositioomechanisnof FECis proposedWith thepresencef FEC,across

linked polymerformsandis identifiedasa key componenfor Si electrodestability.

To avoidinteractiondetweerdifferentsolventspureFECandVC electrolytesvith 1 M LiPFs

saltwerepreparedThe SEI derivedfrom theseelectrolyteswerecharacterizedn Chapter4.
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The crosslinked polymerhasbeenverified using **C-homonucleacorrelation spectroscopy
and the percentage®f each componentrevealedby quantitativeNMR. Furthermore,the
interfacial region betweenthe SEI and Si as a function of cycling wasfirst revealedby 2°Si

DNP NMR andorganosiloxanewerefoundto form onthe Si surface.

In Chapter5, the chemicalstructureof the electrochemicatlegradatiorproducs of EC are
resolvedby a comprehensivNMR study. Key oligomersareidentified, and a failure mode
when cycling Si in additivefreeEC basedelectrolyteis proposedFinally, conclusionand

futuredirectionsin artificial SElandadditivedesignsarepresentedn Chapter6.
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Chapter 2 Methodology

2.1 Chemical vapor deposition (CVD)

Nanowiresusedin this work are synthesized using a bottammmethod: chemical vapor
deposition (CVD). InCVD growth, chemical vapor such as silane (@il$ catalytically
decomposed on metal nanoparticles to form liquid alloy droplets, which then precipitate along
certain directions to form nanowires. The growth hatsm is known as the vaplaguid-

solid (VLS) mechanism and was proposed by Wagner in the 196@msed on two
observations: (1) certain metal impurities are prerequisite for silicon nanowire (SiNW) growth

and (2) small nanoparticles are located at the tip of the SINW. A schematic of the VLS growth

is shown in Figure2.1a. The growth recipe used in this work is illustratedrigure2.1b. The

sample should be heated up above the eutectic pointforh@iAu system (364 ¢eC)
continuous feeding of Si source into 14&i alloy leads to the supmturation and SINW
growth”® A typical growth temperature is s&t 50057 0 eC for a moder at e

higher temperature induces severe side reactions between the SiINW and the substrate.

A homemade coldvall CVD system used in this work is shown kiigure 2.2. Several
parameters suchsavacuum level and vapor flow rate are important for the growth. A high
vacuum atmosphere (~80nbar) is achieved bytarbamolecularpump. The flow of gases in
thereactor is controlled by mag$i®w controllers (MFC). Finally, the growth temperature, the
most crwial parameter, is controlled by the DC current and is monitored by an infrared
pyrometer based on blatiody emissivity.

In general, CVD is a versatile tom synthesize SiNWs with varied chemical structures and
properties. For example,-tygpe SiNWs wih increased electronic conductivity can be

synthesized using a mixture of Siehd PH gased? Heterostructures can also be synthesized
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by increaing the growth temperature: SiHlecomposes at high temperature to form
amorphoussi (aSi) on the walbf crystalline SINWs (€Si). This side reaction has been utilized

to form an &aSi/cS i é6schoerlel 6 structur e, w h i cirhproved s bee

electrochemical performance in lithium ion batteffes.

2.2 Electrochemistry

For testingcycling performance, halfells consisting of the material of interest (Si in this case)
and Li metal are commonly employed. In the twafis, a largeamount of electrolyte and
excess Li metal are used to ensure that the voltage change and the cydéelitethe
properties of the electrode materials. For a given material, two parameters are imffegtant
theoretical specific capacity, noted as @ mAh/g), and the average cycling voltage vs.
Li*/Li, as the energy density of the cell is determingdhe product of cell capacity and the
voltage difference between cathode and anode: (Energy density) = (Cell Capacity)
(Voltage). Gn is a measurefahe ability of a material to store Li ions per unit mass:

2 ——, whereYais thenumber of Li ions (in moles) that react with one mole of electrode

material, F is the Faraday constant, and M is the molecular weight of the active material.

Galvanostatic cycling (constant current withltage cuoffs) is routinely used to test half
cels. The cycling rate is expressed using@rate:C/n means dull (dis)charge of the cell to
its theoretical capacity im hours. By varying the cycling rate, kinetic information about
electrochemicalreactions can be obtained. Moreover, the voltageresuare useful for

understanding the structural changes of the electrodes.
2.2.1 Galvanostatic voltagecapacity curve

As mentioned above, the voltagapacity curve of the hatfell reflects the structural chge

and specific chemical reactions within the eled& material. A flat voltage plateau indicates
a solidsolution reaction (i.e. singlghase reaction), whereas, a sloping voltage profile infers a
two-phase reaction. The reason behind it is explaindteiequations listed ifiable2.1. When

the lithium ions are uniformly inserted or removed from the host without large structural
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changes, a solid solution reaction takes place, where xSnikia variable. Thus, tlehemical
potential of the phase varies continuously with lithium content and the voltage of the cell also
changes as the reaction proceeds. Hence, the waspgeity curve for the solisolution

reaction is represented by a slope. If a-plrase reactio occursthe chemical potentials of

the products remain the same, as the Li compositions in these two phases are fixed. Therefore,

a constant cell voltager aplateauwwill be observed in the voltagsapacity curve.

Table2.1 Summay of the thermodynamics of the solid solution and-phase reaction in a cell.

solid-solutionreaction two-phasereaction
(x varies) (x and y are fixed)
o0 WQ Y@L YQ W 0Q OWYR0QYQ
yd Ydi e yd YdoQyQ ¥yd o wa
yd o e yd
%J —_— %] —
w0 wO

2.2.2 Differential Capacity Analysis

To clearly identify the voltage plates, it is common to take the first differentiation of the
voltagecapacity plot to generate the dQ/dV plot, where the peak height indicates the flatness

of the plateau and t he pe apacityak dAalV plos caraalsone a s ur
be usedo ascertain some phase transformation. For example, Si can be fully lithiated to form
c-Li1sSis. This highly reactive phase;Le1sSis, persists during the delithiation process and

leads to a twgphase reaction, whidh different from the delithiation @morphous LiSi. Thus,

a sharp peak ~450 mV in the dQ/dV plot (corresponding to gptvage reaction) is a good

indication that e.i1sSis forms on discharge. Understanding the phase transformation is useful

to rationdize the capacity fading upon cycling.
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2.3 Nuclear magnetic resonance (NNR)

In this work, NMR is heavily used to understand the molecular structure of amorphous species.
Since its discovery byRabi, Bloch, and Purcelin the 1940s, NMR has become an
indispersable tool for chemists to reveal ttigemical and structural information of solid and
liquid phase samples. Solution NMR techniques are routinely used in organic chemistry and
biochemistry to solve chemical structures as well as to understand the dycéramsll
molecules. For insoluble netals, solidstate NMR (ssNMR) has an advantage in that it
provides atomistic information about amorphous species, which cannot be easily obtained by
diffraction-based techniques. Though ssNMR suffers from sensitisstyes when probing
nuclei such a$C and?Si, recent progress in hyperpolarization techniques shows promising
routes to overcome this; dynamic nuclear polarization (DNB)ne of the most promising
methods and has been successfully applied in materials systemsigdaidilysts, perovskites

and thinfilm polymers’® A short introduction to the principles of NMR and DNP is given here,
with the focus on the spin interaat® and specific pulse sequences relevant to the work
undertaken in this thesis; excellent referenceklowith further details about NMR can be

found elsewheré&” 8!
2.3.1 NMR basics

Most nuclei possess an intrinsic spin, which is described by the nuclear spin quantum number
() that takes intger or halfinteger values. For a splmucleus, there exist 21 spin states:

I, -1+ 1, Iéln thetpresence of an external magnetic fiBidthe energy level of the spin
states splits due to the Zeeman interaction betlBeemd the magnetic dipoleament. The

splitting energy #0) between consecutive spin sates is given by:

30 2% S a 6 (21)

where’ is the gyromagneticratio,i s t he reduced Pl amnoéksitte const

so-called Larmor frequency.

In the microscopic view, these polarized spins sotabund the magnetic field at the Larmor

frequency Figure 2.3a). For common nuclei subject to modern magnetic field strengths
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(Bo=5i20T); lies within the radio frequency region (®18z). For NMRactive nuclei in
amaaoscopic sample at thermal equilibrium, nuclear spins occupy energy levels according to
the Boltzmann distribution. The equilibrium population difference gives rise to a bulk nuclear

magnetization, which can be represented by a vadtpaligned with tle z-axis.

Figure2.3 (a) Vector model representation of the bulk magnetizatiom an external Bfield. Nuclear spins
align (spin up) or against (spin down) the applied field, creating a Zeeman enktiyygsfib) Application of a
90e pul svas (viewea fragn the rotating frame, denoted s khe rf pulse creates a staficfield along
the xaxis andBoi s r e d B.q® lree fprecesston of the magnetization within th@lape in the rotatig
frame.

In the simplest NMR experiment, a shatlio frequency (rfpulse is applied near the Larmor
frequency and the rf power determines the nutation frequency of the spimsl @ahe applied
rf axis (n the range of ~1Hz). In the vector model unda rotating frame of reference (at the
Larmor frequency), the rf pulse produces a static fielthat causes nutation M abouto

at a frequency of [ 6 for the duratn of the pulseo (Figure 2.3b). The rf pulse
(denoted as ) is characterized by its flipangfe ( 1 0 ) and itsphase%J. The pulse angle
is the nutatia angle forM, and the phase indicates the direction along wéiches. After a
90 p Wlissnetated to they axis in the transverse (xy) plane, arsgorecession about the

z-axis is observed in the tating frame determined by the reduded e B)dNote that in a

rotating frame, th& field is reduced to/6 — ] 1 R X, wheremisthe

di fference (Aoffsetod) bet ween thehchosebhetatmpr f r ¢
frame Figure 2.3c) which arises due to spin interactions that modify the Larmor frequency
(described later). The precession of M is recorded by a quadrature detector Hpkiaeexyl he

recoded complexvalued data as a function of time is known as the-findection decayKID).

The Fourier transform (FT) of the FID translates the tthamain information to a frequency

24



domain signal. The experiment is then repeated multiple times to pelfprat averagingo

that a spectrum with improved sigrtatnoise ratio can be obtained.
2.3.2 Spin interactions

Apart from the large Zeeman interaction (~ifl® Hz), additional spin interactions lead to
subtle shifts in the energy splitting of the spin states, which itirees of the local structural
sensitivity of NMR. For paramagnetic materials, unpaired electron spins interact with nuclear
spins (known asgte hyperfine interaction, with a strength ofill0° Hz), leading to large NMR
shifts. For metals, Knight shifts @i 10° Hz) are induced by the coupling of nuclei with
unpaired conduction electrons. Nuclei with  duchés’Li, 2*Na) have additional gudrupole
coupling interactions (010’ Hz), which arise from the coupling of the nuclear quadrupolar
moment and t electric field gradient (EFG), if present, due to the asymmetry of the local
charge distribution. For diamagnetic samples, three impa@paminteractions are present: (1)

the chemical shift (10 10° Hz), which arises from electron shielding around ribeleus, (2)
dipolar coupling (1&10° Hz) and (3) scalar coupling (10® Hz) between
homo/heterenuclei, which are mediated through spand through bond, respectively. In this
work, the SEI mainly consists of diamagnetic species @ith3C, ’Li and*°F as the important
NMR-active nuclei) and the three interactions mentioned above are explained in detail in the

following sections.
2.3.3 Chemical shift

The chemical shift (CS) interaction is known to be the dominant shift mechanism in
diamagnetic systems. iked diamagnetic electrons around a nucleus are capable of generating
a magnetic fieldB6, whi c h i s Boputio iheapgosit® direclion, thas shielding

the nucleus from the external magnetic field. While shielding occurs for a single nucleus,
deshelding can happen withia molecule, wheréhe Bofields generated by different nec
undergo counter interactions with each other. Since the electron distribution around a nucleus
is rarely a sphere, a shielding tensor is used to describe thdirglpfifect. The tensor contains

both isotropic i(e. orientatiorindependent for the metule with respect to the exterrizy

field) and anisotropic parts €. orientationdependent). In solution, the rapid tumbling motion
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of the molecule averages thesairopic component to zero on the NMR timescale; however,

in solid-state NMR of powderanples, the chemical shift anisotropy (CSA) leads to a broad
peak containing a distribution of chemical shifts. Though the resolution is reduced, the powder
pattern lIne shape potentially provides important information about the local structure and

symmety around the nucleus.

Heavier atoms tend to have mdéwe/-lying energy states than lighter atoms, leading to a larger
chemical shift range for heavy isotopes. Fomepide, the common chemical shift range fidr

is only 10 ppm, while fot*C it is around 20 ppm. Moreover, the chemical shift of a given
nucleus correlates with the electronegativity of the neighboring functional groups. Nuclei
bonded to electroiwithdrawing groups are less shielded and have a higher chemical shift.

These empirical rules aréten used for spectral assignments in this thesis.
2.3.4 Dipole-dipole coupling (through space)

Direct dipoledipole (DD) coupling refers to the interaction between twdendlesrough space
without involving the electron clouds. The throegace interaction ogbe easily rationalized:

a nuclear spin is intrinsically a magnet that generates a magnetic field surrounding itself; the
second nuclear spin interacts with this metgnfield and this interaction depends on the
distance between the two spins as welltlasr orientations in the magnetic field. The
Hamiltonian for dipolar coupling between two spinand S separated by a distantce is

expressed as:

= Q = o
i i

9| o> | o> 2.2)

where the vectaris a line joining the nuclear magnetic dipoles monmemdS, andQ is

the dipolar coupling constant that is given by:

Q

ﬁr 9 (2.3
™ |

The dipolar Hamiltonian can be expressed in spherical polar coordinates in the rotating frame,

whee we effectively observe the spins in an NMR experiment. During the frame

26



transformation, both timdependent and tim@dependent terms are generated. A djoo
approximation is obtained by preserving the timdependent terms to obtain the-caled
first-order average Hamiltonian. In this simplified form, the homonuclear dipolar coupling is
given by:

, v R . (2.4)

= Q owé g p 1OY EOY oY

whereg is the angle between the vectdhat joins the spinsandS and the externddo
field. Note that the hats above the operat@isdSare omitted here to simplify the notation.
For heteronuclear spin pairs, the magnetic field generated by oné)spifaf off from the

resonance frequency of other spifg {herefore, some intactions can be omitted. The

heteronuclear dipolar couply Hamiltonian is truncated further and is given by:

= Q owé§ pOY (2.5)
In a liquid, the direct dipoléipole coupling between nuclear spins averages to hevegver
in a solid sample this interactioarmot be ignored. For highnuclei that are close in space,
such astH and!®F, the strong homonuclear dipolar interaction can significantly broaden the
spectral lines. Magiangle spinning and dipolar decoumi are essentialechniquesto
minimize this interactio in high-resolution ssNMR spectra. For two dilute shalf nuclei
with heteronuclear dipolar coupling, the libeadening effect is absent, but its powder NMR
line shape has a hotike pattern, also known asPake doublet, from which the heteronuclear
dipolar constant can be derived and internuclear distances can be determined.

2.3.5 J-coupling (through bond)

Indirect dipoledipole coupling, also known ascéupling or scalar coupling, refers to the

coupling betwen two nuclei that are mediated by their oy electronsBecausef the Pauli

exclusion principle, the two electron spins in a bonding orbital are paired with opposite values

of the spin guantum number and edxoiwsntd isnt aathe ez
a Oduwpan st a tlear. spin i nova planed close to one electron with its magnetic
moment pointing in the same directions as that of the electron, one electron spin state will be

slightly favoured over the other state. Therefdre glectron spin distribution is slightlyi&bd

27



by the presence of the nuclear spin, with electrons close to the nucleus polarized in the same
direction, while other electrons distant from the nucleus are polarized in the opposite way. The
second nucleuthat is bound to the first nucleus with sid electron pairs thus feels a non

zero magnetic field and this field can be reversed if the magnetic moment of the first nucleus
changes. In this way, the two nuclei are indirectly coupled to each other iviantbctions

with the bonding electrons.

J-coupling patterns itH NMR provide useful information about the spin system, whef€as
solution NMR is normally'H decoupled for simplicity in interpreting the spectra. Unlike
solution NMR, Jcoupling is raely observed in solidtate NMR spectra asis typically an

order of magnitude smaller than other interactions. However, transfer of magnetization via this
interaction can be used to probe chemical bond connectivitycaspling acts exclusively
through regions of shared electron density (eayalent bonding and hydrogen bonding). The

2D correlation experiments in solution NMR which are used in this work are mainly based

upon the oupling interaction.

2.4 NMR experiments

In this section the basic pdiples of 1D NMR and 2D homonuclear and heteiclear
correlations experiments are summarized. -Bpm systems with-doupling are considered

here. First, the basic product operators for-gpm systems are introduced, then these
operators are used taticnalize the pulse sequences used for 1® 2D NMR experiments.

As will be seen later, spin states can be manipulated by rf pulses so that magnetizations can be
transferred between coupled spins. By selectively observing-toeipled systems in a

molecue, it can be possible to assign the netwafrihe molecule unambiguously.
2.4.1 Spin operators

For spinz nuclei, the x, y and z components of the magnetization are represented by the spin
angular operatorsx,l Iy and b, respectively. At equilibrium, the nuclei possess an |
magnetization aligned witlthe Bo field. For an uncoupled single spin, only transverse
magnetization ( ly) is observable in an NMR experiment. For a-spin system with
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Figure 2.4 Product operators for two spin system (left). Example gfhiase, antphase and muljuantim

operators (middle). Dgrams for determining the result of rotatingpihase operators about x, y or z axis under

a 90e pulse (right, b {coupding ori implakeeand) anphasen aperadofs fureder freeo f  t h ¢
precession (right, red cies).

J-coupling, there are 15r@duct operators as shown kigure 2.4, left. Among them only
operators containing one transverse magnetization (also known as single quantum coherence)
are observdb, whereas multiplguantum operators are not directly observable. For example,

lix and 21412, both contain the transverse magnetisation onfiteespin and they are thus
observable. The difference between these two operators isxitisafinin-phaseoperator that

leads to a doublet for the first spin with the same sign, wh@leds represents anphase
magnetization that gives doubletsntaining opposite signs for the first spin (showifigure

2.4, middle).

An NMR experiment oamprises rf pulses and the various delays between them. The effect of a

rf pulse is to rotate the magnetization about x, y or z axis. The rotation direction induced by a
90e pul se is summar Figued.4 r igh Sinde enly hdrdupelsesarea c |l e s
considered here, we assume that the effect of nutation is 1speleific. In other words,

heteronuclei will not be affected by an-mesonance rf pulse.

Duringthe free precession period, spintate around the-axis. For an uncoupled single spin,
its Hamiltonian is given byO MO, wheremis the offset of the spin as illustrated in

Figure2.3c. For a Jcoupled two spin system, the Hamiltonian under free evolution contains

an extra oupling term and is written below:

0 i MmO mO ¢a*r 00 (2.6)
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where 4o is the scalar coupling constant between spins 1 arft/@ution under coupling
renders the interconversion betwéka inphase and anphase terms as illustrated in the red
circles in Figure 2.4, right. For example, after evolving freely after time t, thephase
magnetizationdb e ¢ 0 me spt)l& ®ssi( mAY 21122, which containsts original operator
and the newly generataatiphase tern2liylo.. This calculation is also displayedhigure2.5

as step 2 to By setting the evolution time to betl/(2J>), the inphase term is converted to

a pure antphase term (highlighted with a red triangld=igure2.5). Neglecting the evolution

of offsetmagnetizationit is clear that antiphase terms can be generated in a coupled spin

system by a single pulse and a proper delay time.
2.4.2 Spin echo

One basic NMR pulse sequence is the spin ech
separated by two equal free precessioroplerprior to the acquisition of the FID. In the vector

model of this pulse sequence, thenlagnetization isiffst rotated tothey axi s axf t er t
pul se, and dephasing then takes place xduring
pulse invets the magnetization back towards the +y axis. After the same evolution period, only

the coherent magnetizati, such as theffset magnetizationis refocused. Moreover, in the

spin-echo pulse sequence, the FID can be acquired starting from the eclamdogy the

resulting NMR spectrum has a flatter baseline and fewer artifacts than a single pulse

experiment.

The above analysis performed in the vector model concludes that the spin echo sequence
refocuses the offset magnetization, but this does notdmm#ie effect of coupling between

spins. Omitting the effect of offset, the product operator analysis gfulse sequence for a

coupled twespin system is given irigure25. The anal ys kmilsegsridenical t o t F
to that of the single pulse experiment. The application of theel80p ul se does not

c 0 si1fZjludtermin step 3, therefore, dbnthe antiphase terns i mAz)11yJl2; is considered
instep4.Thel80e pul se i nverts the signs-yforfspibblot h sp
and from z toz for spin 2, according to the pulse effect illustratethieyblue circles ifrigure

2.4). Thus, the overall product operator remains unchanged. In other words, thexlspin

sequence is equivalent to a single pulse followed by a free evolution timeaonf Z2nother
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Figure25Anal ysi s of single 90e pul s espirasgstem withitoupligcTheo pul s e
evoluion of offset is ignored here, but the offset is recovered in the spin echo pulse sefherdack rectangle

denotes a 90e¢e poi0sepuwalnhge;t htthevhs ad me andt ati on i s used i

1 8 0 e .\pith £ s144J,), the same conversion fromphase terms to aAphase terms can

be achieved.

Anti-phase states are cruci@r coherence transfer and for generating mulktgqiantum
coherence. For exampl e, by applying pan 90e p
system contains anphase magnetizatio®lix |2z, coherence transfer between the two spins

takes place

- - (2.7)
¢O0 uwuwuurr  ¢OO (coherence transfer)

As shown inEquation (2.7), the transverse magnetization, which is laerence, is transferred
from spin 1 to spin 2. This can be utilized in heteronuclear systeméHeagd*3C) in order
to enhance thé3C signal. The INEPT pulse sequence has been devised to induce such a

coherence transfer. Apart from the coherence fieansloublequantum coherence can be

[e})

generated fromtheapihase term when the 90e pulse is

the y axis. Théransformation is given here:
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- - (2.8)
OO0 w00 (Doube quantum excitation)

The doublequantum coherence is useful to filter uncoupled system and selectively probe
dipolar coupled or-&oupled spins in 2D homonuclear or heteronuclear correlation exgres
as discussed below.

2.4.3 Two-dimensional NMR basics

The introduction of twadimensional NMR experiments enables us to unravel problems with
increasing complexity. A general 2D NMR experiment can be summarized as follows:
preparatiomd evolution(t1) A mixing A detection (). In the preparation period, coherence

is excited from theequilibrium state, then it evolves freely duringTheevolution period is

not a fixed time in a 2D experiment; rather it is incremented systematically in a series of
separge experiments {taa, 12 a8 pauntil enough data points are generated fergsb

called indirect dimension. Next comes the mixing period, during which the evolved
magnetization is converted into observable signals and then recorded during the detection
period, t. A timedomain matrix is generated from the 2D experiment, andpeirig a double
Fourier transformation with respect to bottahd i gives 2D NMR spectra that contain the

correlation information.
2.4.4 Homonuclear correlation spectroscopy(COSY)

COSY is a homonucke experiment used to identifycdupled spins and is thus useful to
determine the covalent bonding network in the molecule(s) of interésisi8pulse sequence

for COSY is shown irfrigure2.6. The analysis of this pulse sequensing product operators

i's given bel ow t hepulseretatas bothspns frodtdtiee-y ixisiDgring 9 0 e
the free precession period)(tthe magnetizatn evolves under the offset as well as the J
coupling between the two spins. Thiset values are related to the chemical shifts of the
nuclei. Thecorresponding product operator analysis shows thatrase terms are generated

from the Jcoupling (e.g.OEM 6 OEA* 0 ¢O"O). Moreover, after thewlution period,

all of these terms acquire @ftequency label with the offset from spinr .
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Figure2.6 Basic pulse sequence for COSY with simplified product operator analysis given below the sequence.

The f ixpubsé act® dhéoth spins and induces coherence transfer frgpatal 21l 2y.

The last term OEMo AT & o ¢OO, marked with a red trianglm Figure 2.6 is
observale, and contains both transverse magnetization in spin 2 that can be obseraed in t
an offset of spin 1 in the tlimension; therefore, this tarcorresponds to a crepsak in the

2D COSY spectrum. The third ternQ Erho AT & 0 O, is an inphase term and is
observable as the offset of spin 1 in both tf@t & dimensions, and thus appears as a diagonal
peak in the COSY spectrum. In taealysis above, onlydoupled spins lead to the appearance
of antiphase terms ahsubsequently contribute to the appearance of-geaks in the COSY

experiment. Therefore, COSY selectively probe the covalent bonding network.

In practice, doublguantum filtered COSY (DQF COSY) is used to achieve proper phasing for

both diagonal androssp e a k s . I n this modificati on, by ac
multiple quantum, term {lly) can be turned into an observable gufitase magnetization

(Izxl22). Most COSY experiments in this work are performed using DQF COSY.

2.4.5 Heteronuclear correlation experiments

2D heterouclear correlation spectra are particularly useful to identify basic units and
molecular fragments in the system of interest. Foattaysis of small organic moleculéslj

13C correlation experiments are essential tigassverlapping 1D proton peaks. Here, the two
most commonly used pulse sequences, HSQC and HMBC, and their working mechanisms are

summarized.
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Figure2.7 Pulse sequences for (a) HSQC and (b) HMBC and thregmonding operator analyses. The coherence

transfer step is highlighted in yellow and the multiple quantum generation step is highlighted in blue.
245.1 Heteronuclear Simgle Quantum Correlation (HSQC)

HSQCis used to determine directly bonded heteronuclei, grotons and carbonA. basic
version of the HSQC pulse sequence is showrigare2.7a. For the analysis here, spin 1 is

4 and spin 2 ig3C. The first period is a spiecho which, with the choice of delay to he

—, results in a complete conversion from thehase tdhe antiphase term for the coupled

spins as seen in Sectigm.2 For onebond*®Ci H coupling, wheréden  p v T Uthe delay
timeisaround, p ¢i ONex,theseconpdub®e on sp.pulsebnspmd t he
2 lead to a coherence transfer frePhyl2, to -211.12y, whichthen evolves undeg.tOnly the

of fset on spin 2 affects the evolution as ¢t
thet: period refocuses both the offset of spin 1 and the coupling between spin 1 and 2. During

the & evolution period, the-2lil2y term evolves to form AT 90 ¢OO

OEm o ¢O0 asshown irFigure2.7a; both of the evolved terms acquire a frequency label
according to the ofypusednbothfspins fpansfers the magnetzatidni n a |
back to spin 1 (e.g.AT 6 ¢OO A AT ®06 ¢O'0), while the remaining term is
multiple-quantum and thus remains unobservable. The resulting spectrum, therefore, contains
only a cross peak with the chemical shifttef(m ) in the direct dimension and the chemical

shift of the repective Jcoupled carbonnf ) in the indirect dimension.
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2.45.2 Heteronuclear Multiple-Bond Correlation (HMBC)

In the HMBC pulse sequence, a multipfglantum coherence is excited, and correlation
between heteronuclei (such &4 and °C) via 24 intervening chaiicad bonds can be
determined. HMBC is particularly useful for assigning quaternary carbons, as such carbons do

not appear in the HSQC spectrum.

The start of the HMBC pulse sequence is similar to HSQC, in thatthegnetization is first

rotatedfrom l12to -1y, which is followed by a free precession period nfRy settingz, —,

the inphase term is completely converted to an-phtise term-(1y A 2lixl27) . Ne xt , a
pulse on*C gives rise to a doublguantum term (2kl2; A -2lil2y). The step which generates
doublequantum coherence is highhiged in blue inFigure2.7b, and is different from HSQC,

in which a coherence transfer is induced. The DQ coherence evolves inpér@ot and
acquires a frequency label containing the offset of spin 2. Lastlyi, thed k puSe@anverts

the multiplequantum term into an observable gpiiase magnetization.

Unlike HSQC, multiplebond*H-13C Jcouplings are much smaller and have a wider range than
onebond Jcoupling constants\dcn, where n = P4, ranges fromi3lOHz vs.!1Jcy 150 Hz).
Therefore, the delay time in HMBC experiments is much longer than that in HSQIB(~20
ms vs. 12 ms) and it is difficult to choose a fixed delay time. One solution is to record several
spectra with different delays. If this is vetiyne consummg, one can instead set the delay
according to the largest expected laagge coupling constants. Because this free precession
delay is much longer in HMBC, spspin (T2) relaxation of the transverse magnetization also
leads to signal los3.herefore, te antiphase term generated at the end of the pulse sequence
is directly observed instead of refocused using anotheregipia, which would lead to severer
signal loss. FinallyH decoupling is not applied during the acquisition as this woolldpse
theantiphase peak to zero.
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2.4.6 Diffusion ordered spectroscopy (DOSY)
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Figure 2.8 Principle of a DOSY experiment. (ap basic DOSY pulse sequence based the spinecho. (b)
Schematic of thepatial encoding and eécodingalong the zaxis due tahe gradient pulse (c) Data procedsg
procedureto extractthe diffusion coefficientsfor different chemical shifts anl) a schematic theD DOSY

spectrum showinthe separatiorof a mixture with diferent diffusion cofficients.

DOSY is employed to separate a mixture of molecules in the solsttd®d based on their

diffusivity differences. The DOSY pulse sequences are derived frorrespmor stimulated

echo under the effect of pulsed field gradi¢PFG) and a basieersion is shown idrigure

28a. The first 90e pul s eaxis, oréating & magneteationailhone t i z a
in the yzplane. Thera constargradient pulse twists the magnetization ribbon into a helix as

shown inFigure 2.8b. The pitch of thehelix is given byy ¢“ 71, wherery 1 | i€the

product of the duratiof § and the amplitudé ( Xbf the gradient pulse. The gradient amplitude

is determined by thgyromagnetic ratio of the observed nuclgusand the gradient strength

("Q. Thesmaller the pitches, the higher the resolufammmeasuring theiffusion proces$?

After the first gradient pulse, the spatial positions of the spins are endddata diffusion
time, & follows to allow motions to occur. Finallyhe second gradient pulskecodeghe
spatialinformationand brings the spins bamto the yzplaneto form an echaf no diffusion
or spinspin lattice () relaxiontakes placeln the presence of diffusionotion, the intensities
of theechodecay as the strength of the gradient increases. A quantitative formula describing
it is gven below:
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o 2.9
‘0 A @POy Y ‘18 (2.9)
Where'Os the observed intensit)is the unattenuated signal intensity & the diffusion
coefficient.With an optimized diffusion time and gradignilse lengtha pseudo 2D data is
recordedoy varying the gradient strengtfihen the diffusion coeffient can be derived by
fitting the exponentialntensitydecayversus thesquare of the gradient strength as shown in

Figure2.8c and theequation is given by:

P g (2.10)
— oQ
y —

[ 0

Finally, a2D DOSY spectrum is presented by plotting themical shitin the F2 dimension
and the diffusion coefficiesin the F1 dimensio(Figure2.8d). The centre of a 2D cross peak
in F1 dimension corresponds to the calculated diffusion constant, while the width of the peak

correlates with the fitting error.

In a DOSY experiment, severglctors are crucial for thsucessful separation of a mixture

with overlapped signals. These include gradient linearity, temperature stability and a set of
optimized parameters. Systematic errors arise when joule heating or transient eddy currents are
induced by the PFG pulsel'o compensate for these imperfectioadyancegulse sequences

have been designed. The longitudinal eddy current delqyenceavith bipolar gradient pulse
pairs (Al edb p gnpttiisshesido segarate the dolable a@afation productm

the cycled electrolyte

2.4.7 Solid-state NMR techniques

Solid-state NMR (ssNMR) experiments are typically performed using powdered samples
which contain randombglistributed crystallites with all possible orientations with respect to
the eternal Bo field. In this stuation, anisotropic spin interactions can lead to severely
broadened spectra. Some essential techniques such asamglgispinning (MAS) and high
power decoupling are required to obtain high resolution ssSNMR spectra.
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Figure 2.9 Essential techniques in solgfate NMR. (a) Illustration of magigngle spinning. The shielding tensor
is represented here by an ellipsoid, and-#sis in the principal axis frame is noted &$7Z (b) lllustration of the
bagc principle underyling te LeeGoldburg homonuclear decoupling sequence (thgeti chosen so that the
effective field is tilted at the magic angle). (c) The cipskrization pulse sequence, with a high poer

decoupling sequence such as TPPM usetieteronuclear decouply.
2.4.7.1 Magic-angle spinning

By spinning the sample physically at a speci
externalBo field, it is possible to average to zero the anisotropy associated with the chemical

shift as wellas hetero/homonuclear dir couplings. The anisotropic part of these spin
interactions all contain aangledependentermoA 1 -© p, where—is the angle betwedsy

and the zaxis in the principal axis frame of the tensor describing the iniena(@™"") as

shown inFigure 2.9a. During the rotation of the sample, thealue varies but the angle X

between the Z\F and the spinning axis is fixed for each crystallite in a rigid solid sarfipte.

average of the A ©- pterm over the course of the rotation is givendm® ¢ i— pO
-owél p owéig p,wheregis the angle betweenoBind the spinning axis. By

fixingg v & T (Bhe magic angle), this spatial term can be averagezkiio. The magic
angle spinning speed needs to be faster thanthia@ the magnitude of the anisotropy in
frequency unitsotherwisespectral artifacts known as spinning sidebands radiate out from the
central isotropic peak, separated by a multiple ofsghiening speedandlead to reduction in

the signal intensity of the isotropic peak.

MAS experiments are often performed with rotor synchronization. During such an experiment,
the length of the pulse sequence itself is a multiple of the rotor pgefmdexample in a spin

echosequence choosing the interpulse delays so as to be equal to one (or more) rotor periods.
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The FID is also recorded at certain multiples of the rotor period, so that the sample returns to
its starting position during the acquisitidrhe Fourier transformiain of the FID then yields a
spectrum similar to that of the static (not spinning) sample but with reduced broadening from

the dipolar or CSA interactions.
2.4.7.2 Homo/Heteronuclear decoupling

In cases where a fast MAS rate cannot be nbthhomonuclear decouplg can be achieved
using a multiple pulse sequence. In particular-Geédburg (LG) decoupling is often used for

H homonuclear decoupling in the indirect dimension during a 2D experiment. In LG
decoupling, the transmitter frequesnof the rf pulse is deliberately chosen so that an offset is
created in the rotating frame, and the effective field is tilted at the raagie with respect to
theBo field as illustrated irFigure 2.9b, so as to minimize themonuclear coupling between

protons.

In a heteronuclear system such as tmttaining*C and'H, MAS is largely ineffective in
removing theneteronuclear dipolar couplinmptween*C and'H. The peakoroadening effect

of heteronuclear coupling can beoaed by using higipower decoupling, wheréd spins are
irradiated on resance while thé3C FID is recorded. During high power decouplitig spins
undergo repeated Zeeman transitions, with magnetization rapidly oscillating between positive
and negative Since the heteronuclear dipolar coupling strength depends on the net
magnéization of 'H along the zxis as shown in Equatiof2.5, the timeaveraged dipolar

coupling for'Hi 13C is zero under higpbower decoupling conditions.

The dipolar coupling constant for directly bondéti 13C spin pairs is about 22 kHz. The
protondecoupling power needs to be set at least three times larger than the dipolar interaction
strength, that is366 kHz, in order to fully remove the effects of Beinuclear dipolar coupling.
A common decoupling pulse sequence is TPPM (two pulse phase tmmgulas shown in
Figure 2.9c. It consists of a repeated series of two pulses with flip angles slightly smaller than
180°and phaseshat differ by 10702 The optimd decoupling condition depends on the MAS
rate and needs to be optimized. Another commonly used decoupling scheme is SPINALG4,
which is more efficient and more tolerant to experimental imperfections. Both TPPM and
SPINAL64 are employed in this thesis.
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2.4.7.3 Cross-polarization

Crosspolarization (CP) transfers the largeolarization of'H spins to nuclei such &&C or
29Sj in order to enhance the sensitivity of NMR experiments onflcaand low natural
abundance spins. CP transfer is mediated by threpghe dipolar interactions and the
corresponding pulse sequence is shownFigure 2.9c. First, a90% pulse createsH
magnetization along thg axis, then a contact pulse is applied simultaneously to'bb#mnd
13C spins. In the double doubtetating frame, th contact pulse appears stationary along the
y axis, and the resulting spiack field dong the-y axis maintains the spin polarization. The
dipolar coupling betweefH and3C depends on an operator containig® bs shown in
Equation(2.5, which actsonly in a direction perpendicular to the spmck field. Thus, the
dipolar operator cannot alter the net spin polarization along thdagirfield, nor the net
energy of the combineldHi 3C spin system. Nevertheless, the dipatéeraction between the
H and!3C spins can mediate energy exchange betweelthad'*C spin baths. That is, the
energy emitted frontH transitions is absorbed by tA&C spins to build up a largefC
magnetization along thg axis. When the Hartnma-Hahn condition is met (i.e. when th€
contact pulse is the same amplitude as thatHyrthe energy gaps of the rotating frafhe
and*C spins are the same, thus the spin transition process fiesatisnet energy change.
Finally, the enhanceldC magetization is recorded during higlower proton decouplinghe
HartmannHahn condition for CP transfer under MAS is different from that under static

conditions, and is given by:

1 1 €] (2.12)

where the nutation frequencies fét and'3C arg and] , respectively, is the rotation
(MAS) frequency of the sample, and n is an integral numbean#ped contact pulse H is
commonly used to cover a range of possible Hartatdaim conditions for a neaniform
sample, which normally gives better signal enhancement. TipelS® sequence is an essential
component in generating enhanced transversaetiagtion for lowf nuclei and is the starting

point for most of the correlation experiments in this thesis.
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2.4.7.4 Homo/heteronuclear correlation experiments

Different from solutionNMR, where Jcouplingsare exploited for correlation experiments,
homo/heteronuclear correlatioexperiments in ssSNMR mainly depend upon dipolar
interactions. This is because typical dipolar coupling constants in solid sample are an order of
magnitude lager than Xoupling constants, and the latter are usually too small to observe.
However, the dipa@r interaction is suppressed (averaged out) by fast MAS, leading to the
acquisition of higkresolution ssNMR spectra. The dipolar interaction can be reirteadu
under MAS using a multiple pulse sequence such as DRAMA or C7, so that spatial correlation
information about the spin system can nonetheless be obtiined.
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Figure2.10 Pulsesequence corresponding to a homonuclear correlationimgrgrbased upon dipolar coupling
interactions. The C7 sequence is used to excite double quantum coherence under MAS. For the proton decoupling
depicted in tk upper section, dark grey denotes heteronuclear decoupling, while light grey denotes homonuclear

decoupling. A schematic of the double quaritaimgle quantum correlation spectrum is illustrated on the right.

The C7 sequence, which is used to generataubleauantum (DQ) coherence between the
dipolarcoupled spin pairs, consists)pf ¢“ ¢ pulses with an adjusted rf amplitude

so that the duration of the composite pulses is a multiple of the rotor period. The phase of the
¢" pulse,%q increases by- during each step. The underlying principle of the C7 pulse
sequencén generating DQ cadrence is beyond the scope of the current explanation and can

be found in Ref’®. The generated DQ coherence is then used for a homonuclear correlation
experiment.

A typical pulse sequence for homonuclear correlation using mutjjd@tum coherence is

shown inFigure2.10. The firstCP step createsSC transverse magnetization in the-piane,
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which is then returned to theazx i s by the foll owing 90e pu
longitudinal magnetization oi*'C, DQ coherence is generated witie aid of a recoupling

pulse sequence suels C7. The DQ coherence then evolves duiibgfore being transferred

back to the zaxis (and converted to zero quantum coherence, ZQ) by a reconversion pulse. The
final 90e pul se c o ntramsvetses magnbtizasion Wigch is obkegrede n c e
the & period. A Fourier transform of the 2D data results in a DQ spectrum in the indirect
dimension (f), and a SQ spectrum in the direct dimensiaf). (This secalled DQ SQ

correlation spectrum acquired ngiC7 pulse sequence can be used to idendfworks of

dipolarcoupled spins.

t

1

———

13C

Figure2.11 Pulse sequence corresponding to heteronuclear correlation experiments based upon dipolar coupling

interactions.

Similar to the homonuclear correlation erpeents just described2D heteronuclear
correlation spectroscopy (HETCOR) can be used to cordpectral assignment by, for

example, correlating the chemical shifts of protons with another nucleus®@).gia their

dipolar coupling interactions. TheBTCOR pulse sequence is shownHFigure 2.11. The
sequence starts with a 90e proton pulse to c
during t (with simultaneous application of a homonuclear proton decoupling pulse such as

LG); this magnetization is ®sequently transferred {3C via aCP step. The resultinfC
magnetization is then detected under conditions of -paker proton decoupling (e.g.
SPINALG64). Since CP is mediated via dipolar coupling, CP transfer is only possible for spins

with close sptal proximity (around a few A). Afsort CP contact time should be chosen in

order to selectively prob€C nuclei that are spatially close to hespins.
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2.4.8 Dynamic nuclear polarization (DNP)

Though ssNMR provides atomic information about bulk materigissigvity becomes the
limiting factor when ssNMR is applied to study surface structures. One solution to that problem
is the use of hyperpolarization metho@snamic nuclear polarization (DNP) is one of the
most promising methods, which takes advantage of the higher equilibrium polariaitice
electron and increases the sensitivity oftow n u ¢ | €3C,2°Si,landtO uader microwave

irradiation. Theheoretical enhancement fét is about a factor of 660 at 100 Rigure 2.12a).

(a) Hyper Polarization (b) Solid Effect (c) Cross Effect (d) Surface Enhanced DNP
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Figure 2.12 Principles and applications of DNP NMR. (a) The polarization difference between electrons (green)
and'H (black) as a function of temperaguat a field strength of 14 T. DNP transfer mechanismsthgb¥olid

effect, induced by zerguantum (middle) or double quantum (bottom) microwave irradiation; these transitions
rely on hyperfine interactions (4 between the nucleus and the elect{ahthe cross effect, which involves two
electrons and one nleus, and its corresponding energy diagram when irradiating with microwaves at one
frequency. The strong electiiadipolar coupling (e allows mixing of states 2, 3, 6 and 7 which are important
for polarization transfer from electrons to nuclei. (d) Egdemof the use of DNP NMR to obtain surface
information on a nanoporous silicierivedmaterial Figure adapted from ré$:8¢

Contemporary MAS DNP exgiments are usually based on either the solid effect (SEghw
exploits the coupling of an electranclear spin pair, or the cross effect (CE), utilizing a pair
of electrons in the form of a biradical and a nuclear spin. CE is currently the most dgmmon
used polarization transfer mechanism for measuremeni®@tk; while SE is the mechanism

of choice for 25 K or lowef®
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In SE, microwave irradiation excites tmmominally forbidden zero and double quantum
transitions for electron and nuclear spin pairs. The microaayditude] , must meet the

matching condition given by:

1 1 U (2.12

wherg and  are the Larmor frequencies for the electron and nucleus, respectively. The
difference between these frequencies corresponds to the energy of the DQ transitions, whereas
their sum is equivalent to that of the ZQ tiéinas (Figure 2.12b). Thehyperfine interaction

(Anfi) between the nucleus and the electanses a small degree of electrarclear spin state

mixing, and excited DQ/ZQ transitions result in a greateclear polarization. Th&E
enhancement factor scales a¥.B

In contrast to the SE, the CE makes use of allowed single quantum (SQ) transitions. Continuous
microwave irradiation at the Larmor frequency of one of the electrons leads to -apwifd

norrequilibrium polarization,the condition is described as 1T 1 . If the
difference between the Larmor frequencies of the two electrons is equal to the nuclear Larmor
frequency (that i¥/ T % 1 & 1 ), thebuiltup polaization can be transferred

to the nucleus by a concertee-n triple spin flip (states 2 to 7 and states 3 to Giigure

2.12c). The relevant matching condition can be summarized below:

(9]

Y TR 1T R T 2 T 71w (213

Organt biradicals, which are two radicals tethered via an organic linker with controlled
spacing and geometry orientations, have been syntdesizeeet the conditions required for
the CE. It is worth noting that the CE is less affected by high magnetiafielthas a much

greater probability in transferring polarization than does SE.

With recent advancements in both hardware and theory, DNP NAdRbeen used to study
biomaterials as well as inorganic and hybrid materials. For example, sarfaaaced>C

DNP NMR reveals the organic species on the surface of nanoporous Biticee(2.12d) .8’
Without DNP, such experiments would require expensive isotope labelling and long

experimental times. In addition, the signal enhancement provided by DNP enables 2D
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correlation experiments to be performed, and thus mawselee structural information can be

obtained.

In this work, DNP NMR is performed using the CE, with a schematic of the relevant DNP

experiments illustrated iRigure2.13. Since the SEI sample is water sensitive,-aqueous

based DNP radicadolvent system (soal | ed A DNP

nitroxide-based biradical (TEKP&§ dissolved

matri xo)

in dichlorobenne (DCB¥&8° or

S

tetrachloroethane (TCE). The powder sample is impredgnhy the DNP juice to wet the

surface of the SEI wh biradicals. Microwave irradiation induces polarization transfer from

electrons to protons, or the nucleus of interest, via the cross effect.

DNP juice:
4 mM TEKPol in dichlorobenzene

Microwave

dipolar
interactions £

SEI

Figure2.13 Schematic of the DNP NMR experiments performethis work.

cho:

In a direct DNP experiment, the magnetization is transferred from electrons to nuclei and

directly acquired from the latter. By contrast, in an indirect DNP experiment, the
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hyperpolarized'H magnetization is first distributed throughout thempte via 'H spin
diffusion, then the magnetization 6l is transferred to the nuclei of interest via dipolar
coupling techniques (i.e. cross polarization). Typically, indirect DNP NMR experiments
provide better sensitivity for surface species in the SBha surfaceomponents are more
protonated than the bulk, afd spin diffusion is more effective than for other nuclei. Both
direct and indirect DNP techniques are used in this thesis to study the SEI structure with

favorable signal enhancement.
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Chapter 3 ldentifying key degradation products of

fluoroethylene carbonate

NMR identifies key decomposition products of FEC
O

)
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3.1 Introduction

Fluoroethylene carbonate (FEC) is one of the most important electrolyte addiigdeiss
degradation products afeelieved to be the key for achieg performance enhancement,
however, thedetailedstructuralinformation aboutts reduction productss still unclear Here,

a combination of solution and solgdateNMR techniques was usdd characterize both the
soluble and insoluble decompositiomguctsof FEC. In order to overame the inherently low
sensitivity issueof NMR, uniformly labelled 1*Cs-FEC was synthesized biis-Julian H.
KneuselgUniversity of Cambridge)The samples were then prepared by cychitglerfree
silicon nanowire$SiNWSs)in conventionakthylenecarborate (ECjbased electrolyte with and
without 10 vol% FEC. The cycled SiNWs were then used foiVH3 experimerg with
dynamic nuclear polarizatiofDNP) enhancement to provide a more comprehensive

understanding of the organic SHiheresults clearly show #i chemically distincproducts
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such as vinylene carbondC) andpoly(VC) shown in scheme 3ate formedn the presence

of FEC, which may beresponsible for the increased cycle.life

Schemed.1. Structues of ethylene carbonate (EC), fluoroethylene carbonate (FEC), vinylene carbonate (VC),

and a possible structur eredifrefertne®. pol ymer dApol y(VC)o0o as

EC FEC VvC Poly(VC) j<

3.2 Experimental

3.2.1 Materials

Sulfuryl chloride (Sigma&Aldrich, 97%) was purified by distillation under reduced pressure.
Acetonitrile (SigmaAldrich) was dried over anhydrous Cgahd digilled prior to useall other

materials were used as receivétCs-ethylene carbonate (Sigafddrich, 97%,3C-labelled

99 atom%), ethylene carbonate (EC) (Sigithd dr i ¢ h, a n hQyod.r0o0u&spp HO9 9 %
dimethyl carbonate (DMC) (Sigral dr i ¢ h, anhydr ousO), LR3® 9 %, C
electrolyte solution (¥ LiPFe in ECDMC, SigmaAl dr i ¢ h, battery gr a
aazobisisobutyronitrile (Sigrmealdrich, 98%), carbon tetrachloride (Sigmddrich, 99.9%),

and potassium fluorid@cros Organics, 99%, anhydrous).
3.2.2 Synthesis of**Cs-fluoroethylene carbonate

13C; FEC was synthézed from*3Cs-EC via chlorination of EC and subsequent fluorination
using standard Schlenk techniques undgathospheré3Cs-EC (200mg, 2.27mmol, 1.00
equiv) was suspended in 5 mL of carbon tetrachloride. Sulfuryl chloride (BL12.38mmol,
1.05equiv) and azobisisobytonitrile (AIBN) (15mg, 0.91mmol, 0.04equiv) were added
and further AIBN wasidded twice every 3@in. The reaction mixture was left stirring at 65
€ for 16 h before the solvent was removiedvacuq and the liquid residue was fied by
column purication (silica 100:1, dichloromethane;, R0.50).2°Cs-Chloroethylene carbonate

(180mg, 1.47mmol, 65%) was received as a clear colourless liquid.
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Anhydrous potassium fluoride (2.50 43.0mmol, 29.3equiv.) was suspended inriL of
acetonitrile abs and °Cs-chloroethylene carbonate (18@Qy, 1.47mmol, 1.00equiv),
dissolved in 3nL acetonitrileabs, was added. The mixture was stirred a€7for 16 h, and
thenfiltered, and the solid residue was washed witimlOof acetonitdie. The filtrates wex
combined, and the solvent was remowed/acuo The dark liquid was purified by column
purification (silica 100:1, dichloromethane; 3R0.45).°Cs-FEC (40mg, 0.38mmol, 26%)
was separated as a clear colourless liquid.

3.2.3 Synthesisof silicon nanowires

Silicon nanowires were synthesized by chemical vapor deposition (CVD) as previously
described® Briefly, 50nm gold was thermadputtered onto 2Qum-thick stainless steel
(SUS304, Agar Scientific) foil. The golcbated stainlesssteel foil was cut into % 1 cn?

substrates, which were transferred into the CVD chamber. The substatdseated in 1 mbar

of argon atmosphere at 5HBO0 € for 10 min to anneal the gold catalyst. After annealing, a
mixtureof argon andilane gases (ABiHs= 100sccm/ 20 sccm) was introduced. Thyeowth

was carried out in 1barat510530e C f or 15 min. The substrate
after CVD growth to determine the mass of SINWs. The averagela@ing of SINWs was
around0.5/ 0.8 mg/ cn?.

3.2.4 Electrolyte preparation and coin cell assembly

The five different electrolyte formulations used here are listdhbie3.1. The LP30 +3Cs-
EC enrichnent of electrolytes was prepared by mix#igs-EC with anon-labellied EC/DMC

in a 1:1:2viv/v ratio, then dissolving the LiRFsalt into the solvent to achieve a final
concentration of M. The LP30+ FEC and LP3G *Cs-FEC electrolytes were prepared by
either adding 0.5 mL of FEC &fCs-FEC into 5ml of commecial LP30 electrolyte.

Table3.1 Electrolyte formulation with 1M LiP§in different solvent mixtures

electrolyte solvents abbreviation
EC/DMC = 50/50 (v/v) LP30

13C3 EC/EC/DMC = 25/25/50 (v/viv) LP30 #3Cs-EC
EC/DMC/FEC = 50/50/10 (v/viv) LP30 + FEC
EC/DMC/Cs FEC = 50/50/10 (v/viv) LP30 #3Cs-FEC

13C; EC/EC/DMC/FEC=285/50/10 (v/viviv) LP30 #3Cs-EC + FEC
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SiNWSs electrodes were then assembled intbdlf 2032 0in cells using the five electrolytes
Porous glass fite mats (Whatman GF/B,mm thick) were used as separators and around 10
drops (~0.159mL) of electrolyte were used for each cell. All the assembling procedures were
carried out in an Ar filledglovebox (HO < 0.1ppm, @ < 0.1ppm). The coinealls were
discharged/charged atcorstant current (C/30, 120 mA/g) between 0.80and2 V for 30
cycles using a Biologic VSP or MR& Approximately 50 days were needed to complete 30
cycles. The slow cycling protocol ensures that the electrolyte selaemheld atlow voltage

for sufficiently long time for extensive SEI formation. The electrochemical results obtained for
the enriched electrolyte were similar to those of the-ermiched electrolyte: the cycling

performance is mainly influenced by theesence of FEC.
3.2.5 Solution NMR

After the SINW coin cells finished tHest and 3@h cycles, the cells were disassembled in an
Ar filled glovebox. The glass fibre separators were extracted and soaked mlODMSO-

ds for 2i 3 min. The solution was thetnansferred to an airtight\Joung tbe. Spectra were
recorded on a 500 MHz Bruker Avance Ill HD, with a DCH (carbon observe) cryoprobe or
Bruker AVANCE 400 equipped with a BBO proldel and'3C NMR spectra were internally
referenced to DMS@s at 2.50ppm and 39.5Ippm, respectivelyDetailsinformation about

the pulse prograsrtan be foundbelow:

f 1ID'H NMR spectra were recorded a using 30e¢
f 1D¥C{*H} NMR spectra were recorded using ei
usi ng 0 wa-tated dedddpling ar With the udéfsequence. In cases whéke
decoupling artifactswere too intrusive; they were minimized by changing the
decoupling sequent®e to Obi _waltz65 25606
T HQSC spectra wer e reedceargdpesd . BDHi npoudltklee pd hog
correlation via doubleinept transfer. Acquisition was phase sensitive using
Echo/AntiecheTPPBgradient selection with decoupling during acquisitiandtrim
pulses in inept transfer with multipligitediting during selection stefhaped pulses
were used for inversion on-tthannel for matched sweep adiabatic pulses. The pulses
are calibrated tochievedept13Bediting of the spectracquired F2 ¢H) was acquired
using a time domain of 1816 points, F3Q) 256 increments, over 13 ppm and 190

ppm. The relaxation delay w8s8 s and 4 scans per slice were used.
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1 HMBC spectra were recorded usinpeth 6 hmbcet gpl 3ndoé -IpXul se p
correlation via heteronuclear zero and double quantum coherence. Acquisition was
phase sensitive using Echo/Antiecho gradient selectiom, thieefold low-pass J
filter to suppress onbond correlations; no decdupg during acquisition. The long
range coupling parameter was set to 10 Hz.*A? Was acquired using a time domain
of 4096 points, F1¢C) 768 increments, over 12 ppm and 25@npdhe relaxation
delay was 2 s and 16 scans per slice were used. Proggssegnitude data with the
&f2mbécommand.

f ¥Ccic COSY spectrum was —recorded wusing |
homonuclear nucl eus shift correlatidgdiC)wasAcquir
acquired using a time domain of 4096 points, BT)(1024 incements, over 236 ppm.

The relaxation delay was 3 s and 40 scans per slice was used.
f ID¥ NMR spectra were recor d-gatkdwakiziGiHg a 90

decoupling and a recycle delay of 30 s.
3.2.6 Solid-state NMR

After cell disassenllp, the SINW eletrodes were dried under vacuum overnight {-2008h)
to remove the DMC and FEC; this peature also removes most of the Qote that the
electrodes were not rinsed. After dryingg ISINW electrodes were scratched from the substrate

and packed into rotofer multinuclear ssSNMR measurement

Hi 13C cross polarization (CP) of LP363€s-EC sample was performed on a Bruker Avance
[l 700 (16.4T) spectrometer using a 3.2 mm HXY pradeMAS frequency of 28Hz, with

a CP contact time of 1 ms. RF nutation frequency wér 82.5kHz (507 100% linearly
ramped during C¥), (*3C) 82.5kHz, and SPINAE64%3 *H decoupling at 8&Hz. A total of
3482scans separated by @ 3ecycle interval were acquit@ver 3h. The LP30 +Cs-FEC
sample was measured on a Bruker Avance Ill HD 500 (LjLspectroneter using a 2.51m

HX probe at MAS frequency of 10 kHz, withCP contact time of 2 ms and SPIN&Y 'H
decoupling at 8&Hz. A total of 24576 scans separdtby a 3 s recycle delay were acquired
over 20.5 hH and*3C, shifts were externally referencedadamantane at 1.87 and 38.6 ppm
(of CH2 group), respectivelyThe experimental parameters are summarizefipipendix A,
tableA.2.
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3.2.7 DNP NMR

Thecycled SiNWsamples wersealed under Ar antdansferred to the Nottingham DNP MAS
NMR Facility in three layes of sealedplastic bag. The samples were then quickly pumped
into the N-filled glovebox Since the SINWs were in the delithiatetdte, we assumed that
there was no reaction between &hd the electrodenaterial. The sample was diluted with
predried KBr powderby mixing homogeneously in a mortak minimum amount of radical
solution @ mM TEKPol in 1,2dichlorobenzene, DCB}Y®was added to wet the powder. The
resulting pastdike samples were packed into the center of 3.2 mm s@PAS rotors and
saled withPTFE film. The rotor was capped with a Vespel drive capoprnckly inserted into
the preooled DNP NMR probeheddr measurement.

All DNP NMR experiments were performed on a 14.09 T AVANCE Ill HD spectrometer,
corresponding tdH Larmor frequeay of 600 MHz, with a 395 GHz gyrotron microwave
(MW) source and using a 3.2 mm triple resonance \bme probe. All expements were
performed at 12.5 kHz MAS frequency. A microwave source power of 11 W (at the source,
equivalent to 110 mA collector cemt) was used fdHi 3C DNP experiments. All MW on/off
experiments were performed with a train of saturation pulses pratangitudinal relaxation
delay followed by signal exdtion. The characteristic buildp time of the enhancetH
polarization wa measured via a saturation recovery experimentflhenhancement ratios
with themicrowave onversusoff are listed inAppendix A, tableA.1. *Hi 13C CP experiments
were performed with 90 100 % ramp on th&H channel and 100 kHH decoupling using
sweptfrequency twepulse phase modulation (SWPPM) sequené& The relaxtion delay

in the P experiments varied lve¢en 4and7 s, with a CP contact time of 2 nidote for the
LP30 +3Cs-FEC sample, only ing was used for measurement. The small sample amount is
due to the small quantity 6fCs-FEC that was obtaindd the syrhesis.

3.3 Results

3.3.1 Electrochemistry

The eleatochemical performance of SiNWs cycled in LP30 and LIPBEC electrolytes is
shown inFigure3.1. In in Figure3.1a, hedischarge/charge (lithiaton/delithiation) capacities
on the order of the theoregiccapacity of Si (3578nAh/g) were obtained for both LP30 and
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Figure 3.1. Electrochemial performance of SiNWs hatfels cycled with LP30 electrolyt€l M LiPFs in
EC/DMC=50/50, vl/v, black)and LP30 with 10 vol % FEQ.P30+ FEC, red) electrolyteatarate of C/30 (120
mAg?') between 0.0012 V at room temperature. (afpalvanostatic chargdischarge profiles and the
corresponding dQ/dV plots of SiNWs cycled in LP30 and LPFEC in the ¥, 2%, and 30 cycles, (b) the
cycling stability and (c) the coulombic efficiency for LP30 (black sgspand LP36 FEC (red dots). The open
dots/squares denote the discharge/litbratapacity and the filled denote the charge/delithiation capacity.

LP30+ FEC electrolytes during the first two cycles. However, over-tengp cycling, obvious
deviations are observed between LP30 and LP30 + FEC samples. At'tbgcB) the LP30
sample exibits only 55% capacity retention whereas the LP30 + FEC samplagé9% of

the initial charge capacityRigure3.1b).

The voltage profile of SINWs cycled in LP30 and LPBBEC during the first two cycles are
similar (Figure 3.1a, left), indicating that both systems undergo kimistructural

transformations during the initial discharge/charge cycles. During the first discharge, the
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voltage quickly drops from the open circuit voltage (OCV) to 0.2 V with a small lithiation
capacity, suggesting little SEI formation the SiNWs fran OCV to 0.2 V. The dQ/dV plot
(Figure3.1a, right) reveals the reduction process of FEC at 1.2 V and the reduction of EC at
0.8V during thefirst cycle. A flat discharge profile is then observed at approximately 0.1 V,
which coresponds to the conversion of crystalline Sitmgphous lithium silicide @.ixSi).>°
Further lithiation results in thformation of crystalline LSis (c-Li1sSis), which is manifested

as a characteristic process at approximately 0.4 V in the charge voltage curve. The 0.4 V
process corresponds to the delithiation-f Sis and the formation of amorphous silicon (a
Si).% The cLi1sSis phase is highly reactive and induces severe electrolyte decompdsition.
For the second discharge, the SINWs show a voltage pobfdeacteristic o&-Si. The two
sloping processes at about 0.25 V and ®.I®rrespond to théthiation stagega-Si + xLi*

A @aLixSi, where x is approximately 2.5 and 3.5 for th@gesses at 0.25 V and 0.1 V,
respectivelyf® On the 38 cycle, the voltage profiles of the SINWs cycled in LP&0
LP30+ FEC divergeligure3.1a). Here, the SiNWsycled in the presence of FEC maintain a
voltage profile that is similar to that of the second cycle. In contrast, the onset of lithiation in
the 30" cycle of the SiNWs idower in LP30 tharin the LP30+FEC sample as seen more
clearly in the dQ/dV plotRigure3.1a, 30" cycle), suggesting a larger internal resistance inside
the cell. This can be attributed to the formation of a more resistiveaB&Increased electrode
tortucsity, which limits Li ion diffusion through the bulkf the electrode and ultimately
decreases lithiation capacity unless extremely low currents aré&#8ed.

The Gulombic efficiency (CE, defined dbe delithiation capacitydivided by thelithiation
capacity) of SINWs in LP@and LB0+ FEC is compared iRigure3.1c. During the first five

cycles, the FEC sample shows a slightly lower CE than the LP30 sample, which may be due to
the preferential decompositiaf FEC over EC. From cyclestd 30, theaveiage CE of LP30

+ FEC is 96.2%, which is an improvement over LP30 alone (average CE 94.0%) but is still
much lower than required for a practical cell, emphasizing the need for further understanding

of the chemistries that influence CE.
3.3.2 Soluble degradaton products as measured by solution NMR.

Electrolytes from cells after tHast and 30" cycles were compared with pristine electrolytes
using 'H solution NMR spectiscopy Figure 3.2) and a series of twdimensional (2D)
corrdation experiments. Several nef NMR signals were detected in the cycled LP30

electrdyte between &nd5 ppm Figure3.2a) that are not present in tREC-containing
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Figure3.2. *H solutionNMR of (a) LP30 and (b) LP38 FEC (c) LP30+3C; FEC (LP30 + 10 vol%°C; FEC)
before cycling (pristine), and after th& dnd 3" cycles. They scale of théi 10 ppm region is enlged by 33
times compared to thé 3 ppm region!3C satellites are marked with an asterisk. All spectra were measured with
a magnetic field strength of 9.4 T, except for th& 8¢cle LP30+3C; FEC sample was measured at 11.7 T.

samples Kigure 3.2b andc) indicatng that very different soluble breakdown products are
formed. In theLP30 samples, these include an intense singlet atpp@0that appears after
thefirst cycle (yellow shading) and several multiplets (blue shadiaigpled from ad) at 4.19
3.62, 352 and 3.43.1 ppm.

The singlet at 4.30 ppm iassigned to lithium ethylene dicarbonate (LESTyhich is
supported by 2D'Hi*C heteronuclear single quantumrmedation (HSQC) andH-°C
heteronuclear multiple bond correlatioHMBC) experiments performed on cycled LP30
electrolytes extracted from Li symmetric c€fsgureA.1lin Appendix A as well as previously
reported DFT sift calculations?’ LEDC is a decomposition product of EC, which is formed
via a ringopening reduction of EC, followed by a dimerization and the elimination of ethylene
gas éee schemes preseniedthe discussionf? Interestingly, LEDC disappears by the™30
cycle, suggesting that LEDC is a n&table species that decomposesrufurther cycling.
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Decomposition of LEDC is consistewith theoretical predictions that indicate that LEDC is
thermodynamically unstable on contact with the lithiated silict4&¥The multiplets labédd
ai d are assigned to oligomers comprising different linear polyetieybxide (PEO) species,
i.e., ROCH>CH->O-/ R@CH3 groupsand is fully characterized in Chapter Similar PEO

species or oligomers haaésobeen previouslyletected by mass spectroscopi!®

The'H NMR speata of the LP30 + FEC electrolyte after 30 cycles exhibits three distinct new
setsof resonances ithe 9.5 9.7 ppmregion (three singlets), a singlet at 7pfn, and a cluster

of multiplets at appramately 5.0 6.2 ppm Figure3.2b, shaded red and labed x, y, and z,
respectively), which are all absent hetLP30 sample. These three sets of resonances are also
observed in the cycled LP30%Cs-FEC with further sptting of the peaks resulting from the
13C labeling. Assignment of the species present in the-f€EGaining samples was facilitated

by a combimtion of 2D correlation NMR spectroscopy ardolipling pattern analysis of the
13C-labelledsample (vide infra)By contrast, the 1BH NMR spectra of the LP30 sample only
shows a small singlet at 8.42 ppm in this spectral region after 30 cycles, which assigned

to lithium formate on the basis of its unique chemical $ffiftithium formate can form via
reduction of CQ and proton abstraction from other organic molecules in solusee
discussiol*’ The resonances seerth@5i 10 ppm regiorof the'H NMR spectaindicate that
distinct chemical species are formed in the presence of the FEC additive thatfarsmedtin
LP30 alone.

In addition to chemical compositiotieH NMR data also providanformation on the relative
populations of electrolyte breakdowrogucts. InFigure3.2, the'H NMR resonances in the

5 10 ppm region are magnifieby a factor of 33, over thé 3 ppm region. The intense peaks

of the degradation product seen in the3QBample (peaks d in Figure 3.2a) in the latter
region suggest that more soluble oligomers are present in the electrolyte. In contr4st, the
NMR peak intensities associated with the decomposition products found in the LP30 + FEC
sample are sigficantly weaker than thee in the LP30 sample, suggesting less soluble SEI
are formed in the presence of FEC.

Two-dimensional (2D) correlation NMR spectroscopy experiments were then performed with
13Cs-FEC sample in order to carry out a more-trepth claracterization of the steture of the
decomposition product$>Cs-FEC being synthesized as described in the experimental section
using a modification of a published rodfé The HSQC spectrum of the LP30¥€; FEC
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Figure3.3. 2D solutionNMR spedra of theLP30+ *3C3 FEC electrolyte after 30cycles. (afH-3C HSQC with
13C decoupling, blue and red represent positive and negative peaks, respectivély. fg) COSY speca. The
off-diagonal peaks are marked with dashed squares. Possibtarssuare given next to the corresponding peaks;

species containing aldehyde terminal groups are shaded in blue and tHeknogsunits are shaded in red.

samples Figure3.3a) shows two cross peaks between'th NMR signas at 9.589.34 ppm
with the'*C NMR signals at 188.5 ark95.7ppm, respectivelywhich areconsistent with a
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Table3.2 Summary of the assignments from HSQC, BiMand'3C COSY experiments for cycled LP36%E;
FEC electrolyte.

Shift/ ppm . )
s | ind Possible assignments
ampies | Index HSQC HMBC 13C COSY
lH 13C 13C 13C 13C
X 9.50 196 68.3/71.9 | 197.1 72.3 HC(=O)CH,OR
y 7.76 134.1 153.6 RCH=CHOCOOR VC
1
LP30+%C |y 6.07 99.1 98.8 70.2
5 ROCHCH(OR')
FEC 22 5.88 100.6 100.3 70.2
23 5.78 65.8 | 66.4/153.2 ROCOOCH(CHOR),
24 5.23 66.7 | 68.2/203.3| 204.0 68.8 HC(=0) CH,OCH,R

terminalaldehyde/vinoxyl specg&gHC(=0)-R. The HMBC spectrunfFigure A.5in Appendix
A) shows that there are multiplenoxyl oligomers, with thedC(=0) groups beindpound to
ethylene oxide-CH20-) carbons witH>C chemical shift®f either 68.3, 71.9 or 73.8 ppm (all
these3C shiftsare consistent with a formula such as HC(=0)GR). The carbon connectivity
of this structure isurther supported by?Ci 13C correlaton spectroscopy (COS¥igure3.3b),
which shows a cross peak between the vinoxyl carbons at 204.0 ppm and the etkidene

carbons{CH20-) around 6873 ppm (sed&able3.2 for a summary of all 2D correlation peaks).

In addition to the vinoxyspecies, other soluble components are also observed in the 2D NMR
spectra. According to the HSQC spectrimFigure3.3a, the'H NMR peak at 7.77 ppny)
belongs ta proton directly bound to a%pybridized carbon (as indicated by #€ chemical

shift of 132.9 pp In addition, the correspondinigii 13C HMBC spectrum(Figure A.5
shows that the pton giving rise to y is alsoi 3 bonds away from a daonate groupsince a

13C cross peak is observed at 158@n. Thusy likely originates from a highly symmetric
decomposition product of FEC, e.g., either vinylene carbonate (VC) or lithium vinyl
dicarbonate (LVDC), both of which containe chemicalfragmentOCH=CHR. Note thatin

the nonlabeled sample (or undéfC decoupling), a singlet at 7.77 ppm is observed, whereas
in the3C; FEC sample, a distinct patternmtiltiplets is observed={gure3.2b andc, region

y). Of note, the splitting pattern observed in tHéC labeled sample contains further

information that allows us to unravel the environments that give rise to the peagi®mye
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3.3.3 Assignment of VCfrom analysis of the 3coupling

Experimental pattern Experimental J coupling constants
a
LP30+"C, FEC: region y 1., = 220.5 Hz
" 2J.,=17.8 Hz
l I J..=76.0 Hz
e °J, =15 Hz
HH
N 3., =9.1 Hz
13— 13¢

\H 238.4 Hz = J_+2J_,

| |9.1 Hz
0.9 Hz 9.1 Hz
1.9 Hz / 9.1 Hz
UMU i
8.0 79 7.8 7.7 76 7.5  [ppm]
6 ("H) / ppm
( b) Simulated pattern Simulated J coupling constants
Four spin system: AAXX' J.,=220.7Hz
=178 Hz
J..=759 Hz
/ =15 Hz
1Bg—13¢
H/ \H
|- I l |

8.0 7.9 7.8 7.7 76 75  [ppm]
o ("H) / ppm

Figure 3.4. Multiplet pattern of cycled LP30%C; FEC in region vy, (a) experimental pattern (the inset on the
upper righthand corner is thecdoupling constants of VC obtained from theNMR spectrum of VC as illustrated

in Figure A.6); (b) simulated pattern of a fosrpi n sy st e mH-GR&EORHX With the Jcaupling
constants used in the simulation listed on the upper right corner.

The experimentalH NMR spectrum in region y of theycled LP30 4+3C; FEC sampleis
compared with theimulated'*C, VC spectrum ashown inFigure3.4. In order to simulate
the protonrsplitting pattern of3C, VC, various J coupling constantddy, 2Jer, YJec, 33in, 2Jer)

were extracteffom theH NMR spectrum of natural abunaize VC, which is also associated
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with a'H shift of 7.77 ppn{Figure A6 in Appendix A. The experimental J coupling constants

are listed on the inset Bfgure3.4a. Thesel coupling constants were then used to simulate the

H NMR spectrum of3C; VC, by consideringthe fots pi n sy st ¢Figyure3.Abh 0 X X 6
Here, we simplified the simulation by omittidg-+ and, as a result, neglected the coupling to

the carbonate group even though this sample origgrfabm*°Cs- labeled FEC (We note that

in an AAO6XXO s y@ltieaoypledetaa differgnt carbdX) which gives
seconeorder multiplets becausécwis different from?Jcr). The appearance of the spectrum is
defined by the four coupling ostans (*Jch, 2JcH, YJec and3Juw).

The peak position and its intensity can be calculated as described by*®éBl& least
squares minimization was carriedt to adjust the J coupling constants in order to mateh th
experimental patteririgure3.4b shows the simulatédC, VC pattern with the corresponding

J coupling constaat Thesimulation provides an excellent match to the experimental spectrum
with the exception that thicy couging (9.1 Hz) is omitted since we onlpusidered a four

spin system; including this would lead to the observed 9.1 Hz splitting of all of the preaks.
contrast, LVDC, which contains carbonate groups on both ends of the molecule, will have a
more complexich multiplet patternJcn (<10 Hz)1%in addition to*Jcn couplings will exist,
leading to additional $itting of the!H signals (a doublet afoubles). Thereforeregion ycan

be assigned to V@iot LVDC.LVDC is also excluded on the basis of the meastiiggvalue

(1.5 Hz), this coupling constant likely arising from aoismformation (as in VC) rathé¢han a

trans one, which would be assdewith a large?Jun value!'®
3.3.4 Assignment of sanched oligomers and vinoxyl pecies

The third region, lab&d z, in the'H NMR of the cycled LP30 +3C3 FEC sample shows
multipletsat 6.07, 5.88, 5.78nd 5.20 ppm (which are ldbe as z1, z2, z3 and z4 kigure
3.38). From the peaksbserved in the HSQC spectrum, thé resonances z1 and ze
connected to carbon resonances at 99.1 and 100.6 ppm, respectively. Theseeesan be
assigned tgrotonated carbawith two oxygen groups attachedCH(OR)) on the basis of
their chemical shif$ (andtheir similarity to the shifts found in polysaccharides with similar
local environmentgy). In the3Ci 13C COSYspectrum(Figure3.3b) the branched carbons at
100.3 and 98.8 ppm are directly bound to thgletie oxide carbon at 7ZDppm suggesting a
motif structure: R@H>CH(OR). This key observation is indicative of the formation of

branched oligomers in the FEg®ntaining electrolyteyhich appeaafter prolonged cycling.
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Similarly, structural assignments fthre 'H NMR z3 andz4 resonancesan bemade.The'H
resonance3 is connected to &C resonance at 65.8 ppm in the HSQC spectrum and the
protons are 23 bonds away from carbons witfC resonances at 66.4 and 153.2 ppm in the
HMBC spectrum. These resonances can be asstgnadranched carbamear a carbonate
group and two ethylene oxide groups (ROGIHICH-0 R ) pased on their chemical shifts.
Thez4 proton is band to a carbon at 66.7 ppm. TH®IBC spectrum shows thad is further
bonded tacarbon atoms with*C resonaneat 68.2 and 203.3 ppm. The chemical structure of
z4 can therefore be assigned to the methylene units in the vinoxyl species

(HC(=O)XCH20CH:R), which confirmsour identification of the vinoxyl species in region x.
3.3.5 13C ssNMR and DNP NMR cktection of the SE

Characterization of the insoluble species in the SEI was carried ouf@jthabelledEC, :*Cs-
labelledFEC electrolyte, and electrolyte/additive formulations (Bakle 3.1 for electrolyte
formulation) usinga combination o6sNMR and DNP NMR spectroscopies. Cycled SiNWs
were extracted from cells without rinsing and were dried under vacuum overnight to remove
EC/DMC/FEC before measuremenEigure 3.5 shows a comparison of tREi*C cross
polarizaton (CP)NMR spectra measured at room temperature (RT) using conventional
ssNVIR and the spectra acquired with DNP NMR at 100 K. All DNP spectra show id€iise
solvent peakat 120 andl40 ppm with the corresponding spinning sidebands id@5@pm
(Figure3.5) due to the addition of the DNP biradisallution (4 mM TEKPol in DCB)Apart

from these solvent peaks, there is no obvious difference in the species detected via sSNMR and
DNP NMR, suggesting that the biradical solution hasalteredtie chemical structure of the

SEIl. Moreover, the sensitivity provided by low temperature DNP is obvithgs room
temperature (RT) spectrum of the LP8&°C; FEC sample took approximately BQwhereas,
under DNP conditions (100 K), a similsignatto-noise ratio spectrum was achieved within

1.3 hand allowed characterization of the SE| i 1°C heteronuclear correlation (HETCOR)

experimentsKigure3.6).

LP30: The'3C NMR spectrum of P30 containing 25 vol % enried EC (P30 + 3C; EC,
Figure3.5a) is dominated by broadpeakat 68 ppm with a shoulder at 61 ppm. In addition, a
semicarbonate resonance at 160 ppm is observed. The shoulder at 61 ppm becomes sharper in
the spectrum acquireslith DNP at 100 K, likely due to reduced dynamics of the org8haic

species at lower temperatures, as observethenprevious reported DNP experiments

performed on graphene electrod&sThe broad °C resonance at 68 ppm (lamd G) is
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correlated to a protoat 4.5 ppm in the HETCORHgure3.6a), allowing G to be assigned to
either the carbon in ethylene oxid€K>CH>0O-) or to residual ECThe shoulder at 61 ppm in

the 3C ssNMR spectrum (ladeld G) shows a orndsond correlatiorio a proton resonance at
approximately 3.75 ppm, anslassigned to aathylene @ide carbon with a terminal alcohol
(RCH20H).#" Three othetocal maximaare observeih the HETCOR spectra between &hd

Cz (numbered, 4and5 in Figure A9), the different shifts possiblyeing a result of different

PEO chain lengths and/or a variatiort@nminalgroupsof polyethylene oxideThe intensity

of aliphatic carbons in both the conventional &P *C NMR spectra is low, which suggests
that the SEI formed here primarily consists of polyethylene oxide that contains few aliphatic

units.

(a) LP30+"C, EC

68
-OCH,CH,0-

DCB

R
i
|
19§\OR,:
172 ‘ |
(! [ ‘ | 34
¥ WAV
100K | '
T T T T I T T T T I T T
200 100 0
3("°C) / ppm

Figure3.5 'H-3C CP NMR spectra of SiNWs cycled in LP30 with vol %3C; EC (LP30+ °C; EC). (a) and
LP30with 10vol% *3C; FEC (LP30+ *C; FEC) (b) electrolytes, for 30 cycles. The RT spectra were measured
at room temperaturey conventional ssNMR, whilthe 100 K spectra were measured using DNP NWif the
microwaves turned orOrthodichlorobenzene (DCB) was used as a radiodlent in he DNP experiments and

its isotropic resonances alebelledii DCB 0 ; the spinning sidebands of
asterisks. Possible structures are given next to the various isotropic resonances where R represef@HzH/CH

groups.
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(a) LP30 + 1°C, EC (b) LP30 + °C, FEC
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Figure 3.6 2D 'H-13C heteronuclear correlation (HETCOR) DMR of SiNWs cycle in LP30+3C; EC
electrolyte (a) and LP383C; FEC electrolyte (b) for 30 cycles. Spinning sidebands arising from the DCB solvent
are markedisshd; artefactpeaks marked with # are due to spin locking along the effectitediesing from the
proton decoupling andliey appear at théd carrier frequency® Full spectra and additional experimental details

can be found in th&ppendix A.

LP30 + FEC: Similar carlon environments at 68 ppm and 160 ppm are observed in the
spectrum oLLP30 with 10 vol % of-3C-enriched FECL(P30 +3C; FEC, Figure3.5b), along

with two new peaks: &C resonance at 103 ppm that is present in thetlssNMR and DNP
spectra as well as aveak resonanceat approximately34 ppm that is much more clearly
resohed in the DNPspectrum. The main peak at 68 ppm has a diftgreakshape ompared

to that observed in the LP30"Cs EC spectrum, and nchsulder at 61 ppm is observéthe

signal at 68 ppm in the RT spectrum is broadened near the baseline, possibly indicating that
two peaks are superimposed in this reglbis hypothesizd that the sharp peakl &8 ppm is

due to residual ECThe broader component of the peak as wetha$C resonance at 68 ppm

is consistent with a distribution of different ethylene oxide environme@td,CH,0-).*" In

contrast to the LP38*3C; EC sample, the SEI signal at 68 ppm becomeadmovhen
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measured at 100 KF{gure 3.5b). Here, spectral broadening may be a result of sample

heterogeneity, leading ®wider distribution of chemical shifts at Idemperature

The HETCOR spectrum of thEEC-containing sampleFRigure 3.6b) has three extra peaks at
103, 7585, and 34 ppm, labled A, B, and D, respectively, wiicare absent inhe
LP30+ 13C; EC sample. The broad peak, B, is correlatedtd peak at around 4.5.0 ppm.

At least four components {BB4) can be resolved, which are assigned to branched ethylene
oxide units {CHRO) with different substituting groups or chain lengffise'C resonance at

34 ppm (peak D) is correlated'd resonance at 1.3 ppm and is assigned@sR6 uni t s .
Both the aliphatic units (peak D) and the series of resonances round 80 ppm (pea&rdy ar
present inlie FECcontaining sample and implydhthe structure that originates from FEC is

more complex than a simple linear ethylene oxide polymer.

In the HETCOR spectrum, the peak at 103 ppm (peak A) is bound tonzrahat resonate
betweerd.2'5.2ppm, and can bassigned to a protonated carbienbound to two oxygens
based on prior DFT shift calculations of proposed clogedVC polymers(seeScheme3.1

and discussioxf® This unique chemical shift is consistent with branched structures and was
observed in the spectrum of chemically reduced EEThe peak at 103 ppm is noua to
residual FEC as no FEC was detected'$#y ssNMR Figure AY7). Interestingly, similar
resonances were also detected in solution NMR of cycled LP30 + FEC electrolyte (resonance
z1 and z2: the proton at 5.78 ppm is bonded to a carbon at 100 ppm in AGQE 3.3a),
suggesting that these might be the precursors that eventually form the insoluble, higher
molecular weight SEI polymers as will be discussed later. Similar-trnd&sg units are
present as glycosidic linkages iataralpolysaccharides and also exhilSit resonances close

to 100 ppmtt!

3.4 Discussion

Different electrolytes with*Cs enriched EC adifor *3C; enriched FEC were cycled in SINW
half-cells to study the organic electrolyte degradation products-deia@ining electrolytes
display an obvious improvement on the cycle life of Si asodmpared to electrolytes that do
not contain FEC. The SINs cels were stopped at the delithiated state aftefithieand 3@h

cycle for exsitu NMR analysis. The cycled electrolytes were examined by solution NMR and

the electrodes by solstate and DNP NMR spectroscopies. Both soluble and insoluble
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chemicalstrucuresdetected in LBO samples with and witlut FEC are listed in Schemes 3.2

and3.3 along with possible formation reactions.

Scheme3.2. Possible Reaction Schemes Consistent witiCtiemical Signaties Detected by Solution and Selid
State NMR for the LP30 Sample: (2.1) Reduction of Ethylene Carhé¥tét€(2.2) Anionic Polymerization of
EC, (2.3) Formation of Lithium Formate, and (2.4) Two Possible Reactions for the Formation 8fROH

(3.2)LP30 sample

Experimentally observed motifs:

Solution: Solid-state:
LEDC, lithium formate, PEO-type oligomers -CH,CH,0O-, RCH,0OH, -OCOO0-
(3.2.1)ring-open reduction of EC
@]
.+ O
O)ko e’ Li Q X2 LI+)J\ o O_
—_— - _
ray Li* o o e > o N L'*+ CoHy
i
(Lepc) ©
(3.2.2)anionic attack O
R S
— 4 O - O O ]
RN Yk e s o
c 0
oo

— EC [ ] P (3.2.4) formation of RCH,OH group
M~ — —JJ\ (@) .. anionic 2
o b o7 0T TN polymerization protonation

2

(3.2.3) 5 O abstract He hydrolysis of lithium alkyl carbonate
CO, —— '-') ———  HCOOLi
Li+ 5~® fromRCHR' 1 Qi+
(lithium formate) R J\ +H,0 — ROH + LiHCO,
Neogiie)

For the LP30 sample, soluble products such as LEDC, lithium formate antyp&Gligomers
are detected in the cycled electrolyed their respective formation pathways are shown in
Scheme3.2. The insoluble SEI that forms from LP30 mainly consists of ethylene oxides (
CH.CH20-), ethylene oxidewith hydroxide terminal units (RC#DH) and carbonate- (
OCOO) units. The presence of these ethylene oxide spec@msistent with the PEQpe

andlithium alkyl carbonate polymefsrmed from ECQthat werereported by Shkrobt*

Previousstudieson EC decompositidt® 11" suggest that EC can undergo @ectron ring
opening reduction to form a lithium alkyl carbonate anion radieehéme3.2.1). The radical
can then dimerize and form LEDC with concurrésds of ethylene gas, which has been
previously detected by GBIS (Schemed.2.1).1*8 To form oligomes or polymersgthe alkyl
carbona¢ radical anioncan elongate the chain via a nucleophilic attack tba EC.
Alternatively, it can lose Cg forming an ¢hylene oxide radical anion CH.CH,0O).1*° This

radical anion can also attack EC to initiate anionic polymerizaBohgmes.2.2).11%n either
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case, the resulting polymer will primarily consist of linear carbonates and ethylene oxide units
which ae consistent with the ssNMR datathis study as well as those published in previous
report® During these processes, lithiuformate can be formed by the reduction of 20
resulting in a lithium carbon dioxide radical with subsequent hydrogen abstraction from other

species in the solutiorsthemes.2.3).4°

Shortchain lithium alkyl carbonasesuch as LEDC are highly soluble and thus are unable to
protect the Banode as theyare easily detected in the cycled electrolyte. LERConly
transientlydetectedin the first cycle electrolyte and not in the electrolyegtracted after
multiple cycles confirming its instability’! Significant amounts oPEO+type oligomers are
presentn the electrolyte after prolonged cycling, which suggstt thedegradation products
deiived from LP30 arénighly soluble Since they ae not part of the SEI, they will not help
prevening further electrolytedecomposition. Their formatiooontributes to the irreversible
consumption of lithium and it agrees well with the capacity fading obdei the

electrochemistry of theP30 sampleRigure3.1b).

The insoluble polymeric SEI fored from LP30 contains similar chemical units to those
detected in the sdlion NMR. Note that significant amounts of hydroxigeminated groups
(RCHOH) are detected in the ssNMR of the LP30 sample, which is consistent with previous
study?® Hydroxide terminal unitgan be formed via protonation of the alkoxide (RO or

by thehydrolysis of lihium alkyl carbonateSchemes.2.4) 116-129Although the 13C CP NMR

is not quantitative, the long contact time used in the experiments ligxand) ensures a
homogenizedH polarization transfer throughout the molecule, allowing a sprantitative
comparison. The higher percentage of hydroteteninated cdion vesus ethylene oxide
carbon in the LP30 sampdeiggests higher population of polymers with shorter chain lengths
compared to highly polymerized PEO species. Such-shaih polymers/oligomers are likely
to be chemically similar to the oligomers eetedin the cycledelectrolyte (peakia in
Figurela). These shorthain polymers derived from E@b notappear to be able to form a
stable SEbnthe Si anodeandthus, cannoprevent further electrolyte breakdown

Very different chemical motifs were detected in the solution and-stdigé NMR of the
FEG containing sampleScheme3.3, top). Specifically, minor amounts of vinoxgpecies,
VC, and a possible crodisking site are pesent as the soluble products in the cycled

electrolyte NotethatPEO+type oligomers were not detected by solution Nivifhe FEC
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Scheme.3. Possible Reaction Schemes Consistent with the Chemical Signatures Detected by Solution-and Solid
State NMR for the LP30 + FEC Sample:33) Reduction of Fluoethylene Carbonate3(@and3.3.3) Examples

of Reactions beteen VC and Vinryl Radicals as the Initial Steps for Radical Polymerization To Form Poly(VC),
(3.3.4 and3.3.5) Reactions between Alkene Termination and Vinoxyl Radical8,6) Possible Reactions
between Vinoxyl Radical B and Aldehyde Species, Formiegviimoxyl Unitsof the Type Detected by Solution
NMR, (3.3.7) Reaction between Secondary Radical Forme8.%5) and Aldehyde Species, Forming Branched
Structure Found in Solution NMR, an8.3.8) Possible Reaction between Alkene Termination with Red&€ed

Intermediag.

(3.3)LP30 + FEC sample

Experimentally observed motifs:

Solution: Solid state: ,OR R-0
o \ RCH,R’
6 or R—0 OR -CH,CH,0- -0C00- R=CH Hc-cHOR ~ RCH:
\ /
w H,C—CH O)LO OR R
H OrR \__/ 103 ppm 75-85ppm 34 ppm
vinoxyl species cross-linkage Ve
(3.3.1) FEC defluorination o
9 o o Vinoxyl radicals ® (3.3.2) )L
N o N -co, ve+g —Q P
0”0 07 N0 . = .\—«_jo
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*The aldehyde terminal units and vinoxyl species are all shaded in blue. R/Rt  groups are organic fragments. The
cross-linking units, branched ethylene oxide, and aliphatic carbon are shaded in red, yellow, and green,

respectively, and their corresponding *C chemical shifts are marked.
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sample The absence of soluble PH¢pe speciesuggestshatFEC can #ectively suppress

the formation of soluble oligom&formedin the LP30 sample.

Vinoxyl species arpresentin both thefirst and 3¢ cycle,indicating thathey form during the

initial stage of FEC decompositiolm contrastyC and branched oligomeaseonly found in

the 30" cycle of theFEC-containng sample. We speculate that VC mayhighly reactive and

thus, rapidly beingonsumedo form other specieis theinitial formationcycles However,
afterlong-term cycling a stable SEI forms and Migginsto accumulateén the electrolyteThe
observecconversion of FEC to VC is also consist with the mechanistic studipsrformed

by Balbuena and eworkers using density functional theory and ab initio molecular dynamics
simulationsmethods'?* The branched solubleligomers detected in the cycledectrolyte
appear to be similar tine speciepreset in the insoluble portion of th8EI, but with shorter

chain lengths (i.e. lower molecular weight species and higher solubility; they therefore saturate
in the electrolyte and likely prevehirther SEI dissolution). The soluble components may also
serveas precursor for the insoluble SEI polymeksother possibility is thatthe chemical
structures of the soluble oligomers are different from the insoluble polymer as they are formed
by different reactions. Certain pathways lead to sfobdinoligomers, viile other reactions

form insoluble polymes.

The insoluble SEI products formed from the FE&ghtaining sample are consistent with
ethylene oxides and carbonate species along with the mmmtustl features as follows:
acetalcarbons (with**C chemicalshift at 103 ppm), branched ethylene oxides (Wih
chemicalshift at 75 85 ppm), and aliphatic carbons (WHi€ chemical shift at 34 ppm), which
are shaded in red, yellow and green, respely (Scheme3.3, top). The obserten of
ethylene oxides and carbonate species is consistent with prior RIMRS*122and FTIR

studies?,

Scheme3.3 summarizes the posde reduction reactions of FEC, which are based on the
species detected in this study and prior experimental and theoretical work. First, FEC is
defluorinated, forming an ECradical (denoted as radical A) and LiBcheme3.3.1), as
proposed by Nié? As fluorinated carbon speciese not detected by solution molid-state
NMR (Figure A.7), we suggest thaEC defluorinates prior to further reaction. At this stage,
the formed EC radical can abstract hydrogen from other species in solution and baoker
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to EC. Alternatively, the EC radicals can disproportionate to form VC &hdEkperiments
using mass spectrometry in conjunction with additional NMR to compare decomposition
products using unlabelled and **C-labelled EC and FEC are currently undew in our
laboratory to determine which reaction pathway is occurring and wikperted in a future
study. If the EC radicals disproportionate to form VC and EC in the LP3D:;FEC sample,

the ¥Cs-labelled EC that is generated can be reduced as suggest&thieme3.2 and
subsequently contribute to tRED-typesignal that is detected #AC sSINMR (Figure3.5a).

Radical A is identical to the radical that results from EC via H abstraction. However, although
its existence has been proposed, such cyclic EC radicals have not be@nenxally observed
in the absence of FEC or VC, even under cryogenic conditions (77 K) during the irradiation of
EC14The inability of EC to form such an EC radical may be ompdeaation for the difference
in the decomposition products seen with EC and FEC. Once formed, radical A can lose
hydrogen to form VC, otherwise, radical A can lose@@rming the vinoxyl radicals as shown
in Scheme3.3.1. Due toresonance, there are two forms of the vinoxyl radicals: one with the
radicalcentreon the carbon (CH(=0O)CH, radical B) and the other with tihadicalcentreon
the oxygen {OCH=CHz, radical C). While the vinoxyl radicals have not been directly detected
in this work,suchradicals have been observed in a radiolysis experiment on FEC and were
proposed to initiate the formation of highly crdisgked polymes.t?*Because our NMR results
only revealedstablevinoxyl speciesinstead of unstable vinoxyl radicalse now propose
possiblereaction schemes thagsult inthe formation of vinoxyl specieas well assome
branchedunits with predicted chemical shifts similar to those observed experimentally
(Scheme3.3.2i Scheme3.3.8). Vinoxyl species can, for example, be formed by the vinoxyl
radicals (either B or C) attacking the? $yybridized carbon in VC. When radical B reacts with
VC (Scheme3.3.2), it can form a structure that contains an aldehyde terminal group, an
aliphatic carbon, and a branched ethylene oxide (shaded in blue, green and yellow, respectively,
with corresponohg NMR parameters given). If V€&acts withradical C(Scheme3.3.3), the
radical will betransformednto a stabilized carbon radicathich hasabranched acetabecbon
(shaded in red) and an alkene terminatidmresenewly formedradicals(in the form ofRCH-
R Pcan abstracH from othe speciesn solution tostabilizethemselves (forming RCGIR 6 ) .
Alternatively, thesesecondary radicals can then further react with the vinyl group in VC to
form poly(VC)49:100.118
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Note that neither alkenenits ¢3C shifts at 120140 ppm) nor aldehyde carboh shift at
200 ppm) are observed IBNMR. We hypothesize that such terminations carcbnsumed
by further reacting with the vinoxyl radical and resulting in chain elong&tt@uch terminal
groups would be presein verylow quantities andherefore,below the detection limit of
ssNMR.Furthermoredecomposition producthat containalkene terminal units can undergo
reactions snilar to thoseof VC (Scheme3.3.4 and 335), forming a mixture of polymer

products that is consistent with the criskedspecies detected this study

Interestingly, the chemical structures observed in solution can beatited by considering

the radical attack of the aldehyde terminal group. When radical B reacts with a molecular
specieswith an aldehyde groupgs€heme3.3.6), a new radical containing the vinoxyl units
(CH(=O)CHOR, shaded in bk) is formed. When the secondary radical fornme8cheme

3.3.5 attacks an aldehyde groufchemes.3.7), a crosdink containing the acetal carbon forms
(ROCHCH(ORY), shaded in red). These two chemical units are consistenttvatioluble
products identified by solution NMRAF(gure3.3). It is speculatd that the radical attack on the
aldehyde group will lead to oligomers that have shbein lengths and remain solubilized. In
contrast, radical attaadn the alkene terminal group is more likelyfdom highermolecular

weight polymes thatareincorporaedinto theinsoluble portion of th&EI.

The reduced EC intermediate (alkyl carbonate anion radical) can also react with the alkene
carbon as illusated inScheme3.3.8. The anion radical (RCH) that forms from reduced EC

can attack the alkergroupand graft the PEO chain to the decomposition products of FEC. If

it occurs, this reaction also consumes the anion radicaleedndes the possibility of anionic
polymeization of EC. I'Scheme&.3.8,RCH.R6 ( shaded in green) coul d
from the decomposition of EC. To determine whether this reaction takes pace? NMR

of the SINWs cycled in LP30 +3C; EC + FEC (see Table 1 for electrolyte formulation) was
performed. The resultingC CP NMR spectrum shows an extra set of resoas that span the

range of 1540 ppm (Figure A8). The presence of additiondC NMR peaks in the regn of

15/ 40 ppm strongly suggests thBEC contributes to the formation of the aliphatic carbon

signal and the resulis consistent with the mechanism propose8chemes.3.8.

Although alkene termination is not directly obseriredolid-state NMR, we speculate thafsp
carbon/alkene termination is necessarygmeate the crosénked polymerand may play an
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important role in capacity retention in general. Recent reports indicate that novel additives,
such as methylene ethylenarlsonate that contain Spybridized carbns show promise for
increasing capacity retention in LIB®.12’ The SEI formed in the presence of FEC clearly
shows crosdinked species, whereas the SEI formed in the standard EC/DMC electrolyte
mainly contains linear PE@pe polyners, providing a molecular rationale fiie observed
increase in capacity retention in LIBs when FEC additive is used. Similarlcrkisg) units

are also present as glycosidic linkages in natural polysaccharides, (which exhibit Snilar
resonances approximately 100 pptt) many of which have been successfully demonstrated
as a binder for Shatimproves capacity retention, funer suggesting that this structural motif

may impart stability to the SEF8 130

The mechanical properties of the branched polymer derived from FEC may be more elastic,
which can accommodate the volume expansion that occurs in Si during cycling. Additional
experiments are required to determimhether the polymers formed from FEC difiie their

Li ion conductivityfrom the linear PE@ike species formed from EC and whether the reduced
overpotentials seen on cycling in the presence of FEC are due to a thimoet&Enproved

Li transport.

3.5 Conclusions

Organic species the SEI on SNWs were characterized by solution and ssligte NMR to
understand the role of FEC as an electrolyte additive in performance enhancement in LIBs.
After longterm cycling, the standard EC/DMC electrolyte decosagcand forms a variety of
soluble oligomer addition to the transient formation of LEDC. The addition of FEC into the
electrolyte allows the formation of a stable SEI and suppresses the decomposition of EC/DMC
resulting in increased coulombic efficiynafter the first few cyclesThe *H and*C NMR
spectra provide compelling evidence for the defluorinatioREBE to form soluble vinoxyl
species (HCOCFKDR) and VC Importantly, we emphasize thae haveconclusively shown

that FEC converts to VC insteatlLVDC by *H NMR using*3C-labeled FECOligomers with
characteristic peaks that can be assigned to protonated carbons bondealdjad¢embxygen

grous due tacrosslinking units were also identified. These oligomeric precursors presumably
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react furher to forminsoluble polymeric species in the SEI, wailmilar crosdinking groups.
Neitherthesecrosslinking units nor thevinoxyl speciesare observed in the absence of the
FEC additive.

Thevinoxyl species are signatures for the formation of thexyl radicals that are believed to
initiate the polymerization that eventuatgsults in a highly crosinked network!?* While

the study of Shkrob et al. focused on the reduction products of FEC %fome,too, detect
similar vinoxyl species and crodmking motifs when FEC is used as an additive in-EC
containing electrolytes. Based on our NMR results, we find that the stepwise elimination of
CO; resuts in a polymeric species that contains a mixture of aliphatic Udsshifts at34

ppm) and crossinking motifs ¢C shifts at 103 ppm) similar to poly(VC), with several regions

of PEOtype structures C shifts 7265 ppm). Overall, FEC breakdown piects (e.g.
increased population of creeking moieties) lead to a suppressidnsoluble, linear PEO

type polymeric products that occur in the standard cycled LP30 eleetrolyt

It is speculatd thatthe formation of crosnked polymer is key to theigher stability of SEI
formed on Si anodes in the presence of FEC, motivatingestudith additives that may
promote cros$inking. Further insight into the molecular nature of the SEI and the parameters
that impart stability offer the opportunity to @iltheSEIchemisty to maximize performance

in LIBs.
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Chapter 4 Probing the interfacial structure

between the SEI and the Sanode

o
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4.1 Introduction

In thischapter 1 M LiPFg in either pure=EC or VCelectrolyteswithout EC are prepardor
studyingther decompogion mechanism Solid electrolyte interphag&El) formed in these
pure FEC and VC electrolytese characterizealy conventional and DNFenhanced solidtate
NMR. The structurgperformanceselationship isfound for the organic SEI and Si anodes
heterogneousrosslinked polymers are formed during the reduction of FEC and VC, which
consist of croséinked PEQtypepolymers and aliphatic chains, am@ fpresence dhehighly
crosslinked polymers correlates with good capacity retenfidre intefacial region between

the SEI and Si surface is also revealed for the first time by NMR spectroscopy.
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4.2 Experimental

Coin cells SiNWs were grown by chemical vapor deposition (CVD) as described previusly.

13Cs-labelledFEC was synthesed by sing a previously reported proceddféLi half-cells
were then assembled with tI&@NWs electrodesn 2032type coin cells using thefreshly
preparecelectrolytedisted in Table 1Borosilicate glas$iber wasused ashe separtor and
around 10 drops (~0.18L) of electrolyte were used for each cé&lbin cell assemblyas
carried out in an Ar filled glovebox @@ < 0.1ppm, @ < 0.1 ppm). The coin cdls were
discharged/charged abom temperature at eonstant currentG/30, 120 mA/g) between
0.001V i 2V vs Li/Li* for the first cycleusing a Biologic VSP, MP&@ or Lanhe (Wuhan,
China) battery test systems. After the first cycle, the coin cells tverecycled at C/10 (360
mA/g). Approximately 30 days were needed to compldiec{cles.After cycling, the cells
were disassembleth the glovebox and the SINW electrodes were dried under vacuum

overnight (~1620 h) to removeexcesslectrolyte solvents ithout rinsing.

Table4.1 Electrolyte formulatioawith 1 M LiPFg in different solvent mixtures

Electrolyte solvents Abbreviation
EC/DMC = 50/50 (v/v) LP30
EC/DMC/FEC = 45/45/10 (viviv) LP30 + FEC
FEC (fluoroethylene carbonate) FEC

VC (vinylene carbonate) VC

FECHC; FEC = 95/5 (Viv) 13C3 FEC

Solid-state NMR measurementéH, 13C) were performed at 11T7with a Bruker Arancelll
spectrometer equipped with a 2rén probehead at aVIAS speed of 8 kHz for *H NMR
spectraand 10 kHz fo'Hi'3°CCPNMR s pectra. The ° /isXor ¥LuThes e
chemical shifts ofH, °C werereferencedvith adamantane' at 1.87 andC at 38.6ppm).
Between 684256 transients were collected using recyleiays of 15 sfor *H experimens. *H-
13C CP NMRspectra weracquiredwith a CP contact time of 2 ms, a recycle delay ob8d
21ki 28k scans. RF nutatidnequenciesvere ¢H) 92.5 kHz (56100% linearly ramped during
CP), £3C) 82.5 kHz, and SPINAL&2 (*H) decoupling at 80 kHZ3C direct excitation ofCs
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FEC 100 samplevas measured with recycle delay of 60 s and 5648 scans over the duration of
102.5 hours.

DNP NMR experimentsvereperformed on a 14.1 T Bruker Avance Il HD spectrometer with
a 395 GHz gyrotron microwave source and using a 3.2 mm triple resonanebordaobe
at theNottingham DNP MAS NMR FacilityThe samplaransferandpreparatiorprocedue
have been described befdféwith the excepton that a radical solutionof 16mM TEKPol
dissolved inl,1,2,2tetrachloroethane (TCE) insteadd€hlorobenzen&vas usedo achieve
bettersignalenhancemenfThe sample mass, dilution ratio of KBr and the volume of radical

solutions are listed imable4.2.

Table4.2 Summary of the DNP NMR samples

Sample Sampe Sample KBr ) . Radical H
No. description| mass (mg)| (mg) Radical solution volume (L) | Fonsort
1 FEC30 5.7 13.0 16 mM TEKPol in TCE/d 4.0 5
2 FEC50 6.2 18.0 16 mM TEKPol in TCE/dTCE 4.0 16
3 BCsFEC10 4.0 15.0 16 mM TEKPol in TCE/dTCE 4.0 3
4 VC50 5.0 15.0 16 mM TEKPolin TCE/dTCE 4.0 13
5 LP30, 50 9.5 24.0 16 mM TEKPol in TCE 6.0 16
6 LP30, F 54 14.7 16 mM TEKPol in TCE 3.5 16
7 FEC, ® 8.1 21.0 16 mM TEKPol in TCE 5.0 6
8 VC, 1 6.6 17.0 16 mM TEKPol in TCE 4.0 10

Hi 3C CPandHi 2°Si CPDNP NMR spectravere acquired with a 90.00% ramped contact
puls€® on the'H channel and 100 kH# decoupling using swept frequency two pulse phase
modulation (SW-TPPM)* sequencevith MAS frequency ofl2.5 kHz The relaxation delay

was 34 s, and the CP contact time 2 fas*3C and 5ms for2°Si. 2°Si DNP direct excitation
spectrum was acquired using high powder proton decoupling with a recycle delay of 10 s and

3072 scans at a spinning speed of 12.5 kHz.
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Double quantum (DQ@}ingle quantum (SJYCi 13C dipolar correlatin spectravere acquired

using POSTC74for DQ excitation and reconversion at a MAS rate of 8 KHie mixing time

is 2 msProton decoupling was achieved by afSWPM sequence with 100 kHz RF aityude

on the'H channel. 256 transients were recorded for each of 128 complex points interleaved,

by using a 2 s of recycle delay for the recoverjtbfnagnetization.

H1 2°Si HETCOR spectrawere measured using 5 ms contact timentinuous wave Lee
Goldbeg (CWLG) proton decoupling048scans per slice with 32 increments and a recycle
delay of 3 swith MAS frequency oflL2.5 kHz.

4.3 Results

4.3.1 Electrochemistry

The electrochemical performance of SiINWs cycled in Li-belfs using the electrolytes listed

in Table4.1 are shown irFigure4.1. The features in the first discharge/charge curves of the
SiNWSs inFigure4.1a are similar to one atteer, indicating that pure FEC and pure VC based
electrolytes do not affect the Si lithiation and delithiaton mechanisms. However, the
corresponding dQ/dV plot irFigure 4.1b reveals that FEC and VC are preferentially
decomposed as early as 1.3 V vs. Li/Wwhereas LP30 eledtiyte decomposition starts around
0.8 V. The process at around 0.2i8/due tothe lithiation ofgold, which is used ascaatalyst

for SINWsgrowth. In the 5&" cycle Figure4.1c), both the pure FEC and VC samples maintain
similar voltage curves with the characteristic Si de/lithiation plateldosiever, the voltage
profile of the LP30 sample shows a lower lithiation voltage (0.24 V vs. ) ithan the SINWs
cycled in pure FEC and VC electrolyte®.35V), with the lower lithiaibn voltage reflecting

an increase in resistance, which may commftbe reduced porosity of the electrodes and a
thicker SEI*8 The delithiation voltage curvese similar for all three samples in thied42 V
range, but after this point they begin to diverggemanifested in a change in the peak intensity
around 0.420.70 V in the dQ/dV plotsHigure4.1d). A lower delithiation capacity is obtained
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in the LP30 sample &t 50 cycles than with pure FEC and VC electrolytes in this voltage
range, as seen igure4.1c; this may again be related to the transport properties and resistance
of the SEI as suggested by the work of Michan &, athich showed that most of the capacity

could be regained when the cells containing LP30 only werlea\at extremely low rates.

In general, SINWs cycled with FEC or Wéontaining electrolytes show improved capacity
retenton when compared to standard LP30 electrolytes without any addikigsd€4.1¢e).

After 50 cycles, the LBO sample retains only 58% of the initial capacity; whereglts cycled

with FEC or VCbased electrolytes retaidiB1% of their initial capacitiegsee Table B in
Appendix Bfor detaik). The Coulombic efficiencies (CE) (defined as the delithiatiqgracay

versus lithiation capacityyf SINWs cycled in FE€and VG containing electrolytes show
marked difference@~igure4.1f). SINWs cycled with pur&C showthe highest averagek of

99.1% from the % to the 50" cycle FEG-containing samples exhibit a slightly lower average

CE of 98.8% with pure FEC and 98.4% for LP30 + FEC sample. Yet, bothcB&@ining
samples are higher than the standard LP30 sample (97.8%). The CE provides a measure of the
irreversible reatbons that ocur during each cycle (e.g.*Land/or solvent consumption), the
higher the CE, the more reversible the reaction is. The CEs of FEC and VC samples, while
noticeably improved over those in LP30 electrolytes, are still less than 99.5%. Pussm@&EC

VC electolytes outperform the LP30 based electrolyte, as their capacity loss during each cycle
(i.e. the lithiation capacity minus the delithiation capacity) and the accumulated capacity losses

across multiple cycles are all smaller than LP30 san{plgsre4.1g and h).

13C;labelled FEC is synthesized and prepared as an electrolyte (1M ihiFECA3C; FEC)
for cycling with SiNWs and for further NMR studies.dtlectrochemical performance’éts
FEC sample is shown in FiguBel andit exhibits similar capacity retention to thi€ natural
abundance FEC and LP30+FEC samplé®e electrochemical results suggest that the cells
containing the*Cs FEC synthesizeds part of this study are representative of cells cycled in

pure (norenriched)FEC electrolytes.

Additional electrochemical impedance spectroscopy dagule B.2) and rate performance
data FigureB.3) also suggest that the SEI formed in FEC hhgyher Li" conductivity than
those formed in LP30 electrolytéurther chemicahnalysisvas thercarried outo understand
the observed electrochemical differences.
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4.3.2 Organic SEI components revealed byH and *C ssNMR
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Figure4.2. *H MAS NMR spectra(a-c) and*H-3C CP MAS NMR spectra(d-f) of SINWs cycled inLP30, LP30
+ 10 vol% FEC pureFECandVC electrolytes for the 15, 30" and 50" cycle. Spectra of SiNWsycled in 95%
natural abundandeEC+5 vol%3C; FECfor 100 cycles are included in (b, &)l spectra wereneasured at room
temperature using conventioreNMR.

Figure4.2 shows thetH and*Hi 3C CP NMR spectra of SiNWs cycled in all the electrolyte
formulations after the first, 30 and &gclesin the delithiated statd he results and assignments

for the LP30and LP30 + FEC system have been discussed in detail previdublyt are
included here to facilitate comparison with the pure FEC and VC systems. For SiNWs cycled
in the sandard LBO electrolyte with and without 10 vol% FEEigure4.2a andd), the organic

SEI mainly consists of PE§pe polymeric specie6CH.CH>0-) as indicated by both the
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prominentH and'3C resonances at 4.7 ppm and 70 pgspectively*’*80n adding 10 vol%
FEC, an extra®C resomnce at approximately 103 ppm is sef€igiire4.2d), which is assigned
to a crosdinking acetalcarbon(RCH ( O B éndiety!3!

Similar to the LP30 + FEC sanep*C NMR spectra of SiNWs cycled jpure FEC and VC
(Figure4.2e and) also contain acetal carbons (1A®8 ppm) and ethylene oxide carbons (70

77 ppm), consistent with the presence of ctoded PEOGtype polymers and the fimation of
poly(VC)-like polymers. However, although both FEC and VC induced SEIs show a beneficial
effect in terms of the capacity retention of the Si electrode, the chemical compositions-of FEC
and VCderived polymers are not identical.

The acetal camsin VC and FEC samples havéC chemical shifts at 108 and 103 ppm
respectively. Based on therior study by Leifer and coworkéfs the chemical shift is
influenced bytheR group in the acetal carbahe 108 pm in the VC sampléeing tentatively
attributed to a acetalcarbon connected to a cyclic R groyptentiallyin a poly(VC) type
crosslinking specie®’; the103 ppm component of the broader peak in the FEC sasiiiely

an acetal carbomound to linear R groups, with the FEC samples also containing the higher
frequency peak but in smaller proportiohste that small differences in chemical shifts will
also likely result from differences in the nearby chemical species and from different polymer
conformations. The assignments of these shifts to acetal carbealtddeted by DFT NMR

shift calculations described in tAg@pendix B.7 which were performed to plore the effect

of different functional groups on the carbon shifts.

The presence of poly(VC) in the VC samples is supported byHhend3C NMR of the
ethylene oxide region: the most inten'S€ peak of the pure VC sample (77 ppm) is 7 ppm
higher infrequency than that of the FEC sampte@(re4.2e and 2f) indicating a more strained
polymer (e.g. poly(VCP49 is present. ThéH NMR shows a similar trend: the main broad
peak is at around 5.1 ppm for pure VC samplégure4.2c), yet the primaryH resonance is
observed at approximately 3.8 pfon FEC samplesHigure4.2b). The broad 5.1 ppm peak is
assigned to a proton on branched ethylene oxi@&QO-) in poly(VC), consistent with the
solution NMR result@poredby Ota et af® Note that the broad peak’id NMR at around 5.1
ppm in the VC sample caalso arise from vinylic protonddCR=CR), but such aralkene
carbon is only present in small amounts in'fl@@NMR spectra.
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In contrast to the LP36ontaining systems, SEls produced from pure FEC or VC contain a
higher concentration of aliphatic spegias indicated by théC resonances betweeidd ppm
(Figure4.2e and 2f). Aliphatic carbons can be formed by reducing FEC and VC, with the
release of C@gas (see discussion for more details) and involve reactions of more than one
FEC/VC molecule. Methoxide groups (RE8i3) are alsseen for all the FEC and VC samples,
which are manifested astd peak at 3.5 ppm and a shaif peak at 5ppm anchre corredted

to one another in thédi 13C heteronuclear corrdian (HETCOR) spectrum (Figure 8. The
assignment is further supporteg the narrow peak width of the 59 ppdC NMR resonance,
where the relatively sharp peak can be explained by motional averagartg fast rotation of

the methoxide group.

In order to improve the signal to noise ratio in tf@ NMR spectra ot3C naturalabundance
samples, DNP NMR was used to compare the SEls formed in LP30, FEC, and VC electrolytes
after 50 cyclesRigure4.3a). With a signal enhancement of around 15 for each sathpieC

CP DNP NMR reveals the finer detailsnczerning the polymeric speciesthe 100 200ppm
region.Figure4.3a shows that gghydridized carbon speciesQH=CH-) with *°C resonances

in the range of 12A40ppm are present in both FEC and VC samples (shaded in grey), but
not in the LP30 sample. SiNWs cycled in FEC contain additional aldehyde carlf(=(iR)

with a *C resonanceat 210 ppm. Lithium carboxylate species@BOLi*) with a *3C
resonance around 180 ppm are also more pronounced in the FEC sample. Both MEC and
samples contain an intenS€ NMR peak at 155 ppranda weak signal at 170 ppm that can

be assigned to alkyl carbonate (RD O R @&nd).i.COs, respectiely.!*?For the LP30 sample,

the intenseé3C peak at 160 ppm is assigned to lithium hiigrbonate (RGOOLi*), likely

from the terminal carbonate species found in linear oligomers omgolghaing’ In short,

13C DNP NMR shows that, apart from the crtisked PEO polymer, the oagic SEIs derived

from FEC and VC also contain lithium/alkyl carbonates and additional small amoiunts

unsaturated carbons.
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Figure4.3. (a) H-13C CP DNP NMR(105 K) spectraf SiNW cycled inLP30 (black), FEC (red) and VC (blue)
for 50 cycleswherethe intensdtruncatedpeak at 74 ppm is due to the BNolventetrachloroethanelCE); *

= spinning sidebandgb) Conventional, room temperatif€ CP NMRof SiNW cycled inFEC+ 5% **C; FEC
for 100 cycles (i measured byH-13C CP, (ii) measured by°C direct excitation (DE) with a recycle delay of 60
to extract quantitative information.

13C NMR spectra were also recorded for SiNWSs cycled Withenriched electrolyte (FEC +

5 %?13C; FEC after 100 cycles, abbreviated'dS; FEC100) using rooremperature NMR
techniques Figure 4.3b). The Hi 13C CP NMRspectrum Figure4.3b, i) of ¥¥C3 FEC100is
comparable to the spectrum of SiINWs cycled in FEC for 50 cycles (FEC50) obtained using
DNP NMR (Figure 4.3a). The striking resemblancéetween the spectra of FEC50 and
13C3FEC100 suggests that the chemical units of the organic SEI formed in FEC fronf'the 50
to the 108 cycle are chemically sindl, indicating that the chemical units of the polymeric
SEI are stable during cycling at $hpoint, though the SEI thickness may vakithough no
guantitative comparisons of these spectra were performed, we did not semyrafigant
alteration in the ltemical species found in the SEI, following the preparation of the sample fo
the DNP expement,though it ispossiblethat some of the organic components may dissolve

in the TCE solvent used for DNP experiments.

Quantitative information about the orgarSEI in the*C3 FEC100 sample is obtained from

direct excitation (DE) roortemperaturé3C NMR spectra Figure 4.3b, ii). The integrated

intensities of the deconwatled peaks are summarizedTiable4.3. The organic species in the

13C3 FEC100 sample primarily consist of aliphatic moieties (4ff%he total peak area) and
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PEOtype oligomers (30%). Relatively small concentrations of alkyl carbonate (11%),
carboxylate (4%) and lithium carbonate (4%) species are also present in the SEI. The
quantitative’3C NMR spectrum suggests that the branchinigs (acetal carbons€; in Table

4.3) account for 8% of the total integral of the spectrum, indicatirighlegpolymers are highly
crosslinked. PealD at 128 ppmFigure4.3b, i), which is attributedo alkene carbons, is also
present in the deconvoluted spectrum ansl @onsistent with the DNP NMR spectra of FEC

and VC samplesHigure 4.3a). Note that such alkene species are also observed as soluble
products in the cycledEC andVC electrolyte (Figurd3.5). The unsaturated carbon units are

likely the base units for polymerizatidff:13?

Table4.3. Summary ofthe intensity and assignments of theaksobtained by deconvolution of tHéC direct
excitation ssNMRspectrum of thé*C; FEC sample

Label Peak centréppm Peak width/ppm Rdative Intensity (%) | Assignment

A 33.1 32.2 41 RCH:R'

B 71.5 11.6 30 -CH2CH20-

c 100.7 11.4 8 RCH( ORO)
D 129.7 15.9 2 RCH=CHR'

E 155.3 7.3 11 ROCO:R 6

F 169.9 4.4 4 LioCOs

G 180.9 10.4 4 RCO,Li

4.3.3 Molecular fragmentsin the organic SEI

To establisithe connectivity between distinct chemical motifs observeédeonrganic SElwe
performed a 2D doublequantum singlguantum (DQSQ) °C homonuclear dipolar
correlation experimentsing POSTC7 with DNP enhancement on théC; FECL100 sample
(Figure 4.4). In this spectrumfwo spins with resonance frequenciasandv; result in a
correlation av1 + v2 in the indirect dimension of the 2fpectrum if they are coupled through

space. Here, thepectrum mainlghows onébond carborcarbon correlations. Aree broad
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Figure 4.4. DNP enhanced 2D DQ® SQ '*C1 13C POg-C7 diplar correlation spectruraf SINW cycled in
FEC+ 5%*3C; FEC for 100 cycleslD *H-*3C CP NMR and the total projection in the SQ dimension are overlaid
on top.The corresponding molecular fragments are listed onighepanel The branching fragments arelored

in red; the fragments containing ethylene oxide carbons are colored in blue and the alkyl chains in black.

peaksare observeth the'3C spectrunwith spectral rangesf 107 40 ppm, 60i 85ppmand
9071 110ppm, which ardabelled A, B and C, respectively consistent with thdabelling
scheme shown iMable4.3. A is assignedo alkyl groups B is attributedto PEGtypeethylene
oxide carbog*’ (-CHp-CH20-) in linear and branched moieties)d C mainly arises from an
acetal carbomvith two oxygenbound to it(-CH(OR))*®56:13! possiblemolecular fragments
based on the orleond correlatiosaredepictedon theright panel inFigure4.4. The strongest
correlationobserveds betweerB4 andC, followed byB2°andBs. TheB2% Bs correlationis
assignedo connections between ethylene oxide fragme@€K-CH-0O-) that are found in
PEOtype polymers*® The strongestB4i C2 correlation indicates that acetal carbGnis
directly bound to a PE®/pe ethylene oxide claon B, which provides strong evidence that
the acetal carbo@ is, indeed, a branching unit in the P{e polymer. Note thds has a
13C shift of 72 ppmgee Table B for all the correlation peaks iRigure 4.4), which can be
assigned to a linear ethylene oxide (EO) carbon instead of a branched EQHfGHRO-,
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Schemet.1. Possible molecular fragments observed in the FEC/VC decomposition procheetsyclic region is

highlighted in yellow, the branching units are colored in red, ethylene oxide units in blue and alkyl chains in grey.

Carbondabelledwith A- C are consistenwith the results from the 2D carbon correlation NMR experiment shown
in Figure 4. The'3C NMR shifts are derived from Figures 2e and f. The relative concentrations of the different

species vary between the SEls formed with different electrolytes.

~108 ppm 0O

O

A R — 77 ppm
sl
(0] (0] 0]
R )\/ . /K/\/\ )]\
N NN C) \,/\O C. o o
AL A /TBN B, A,

~103 ppm 70 ppm

with 13C shift around 77 ppht*2 Moreover, thé4i Czfragment (RO)CH-CH.ORG6) ha's
same connectivity as that of a gole decomposition product we previously idieed in the
cycled LP30 + FEC electroly® (the structure is highlighted in the boxFRigure4.4). In the
presence of FEC, thB41 C2 branched molecular fragment is found in both the soluble
degradation products and in the insoluble componeappéars to ba unique decomposition

product from FEC that is absent in standard LP30 electrolyte.

WeakerAT B, AT A andA 1 C correlations are also observed, the latter being assigned to
acetal carbons connected to aliphatic groups. Within the broadAedhie Az environment

with 3C resonance at 18 ppm is assigned to a terminal methyl gi©Hp)t’, while otherA

sites with'3C shifts spanning from 3@0 pm arise from other alkyl group£H:zR, -CHR>, -

CRs). The A1T Az correlations correspond to the connections within aliphatic carbon chains,
while theAs T Bi1andAas1 B2 peaks correspond to PE§pe carbons being bound to aliphatic

carbons.

Aliphatic carbonsA) are the major species in the organid SE&able4.3), but its correlations
to other peaks are weaker than the cotigria forB 1 C andB i B in Figure4.4. Thealiphatic
carbon chain witlA T A correlationis less pronounced probably due to its formation pathway

that involves more than one molecular fragm&mce only 5 vol %4°C3; FECis usel in the
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electrolyte, the probability of findintyvo 13C labelledspin pairsin aliphatic chains is largely

decreased.

A possble molecular fragment containing the correlations observed in Figdiie depicted

in Schemet.1. The branching units are shaded in red, ethylene oxide chains in blue and alkyl
carbonsin grey. Characteristic®C NMR shifts observed inhe cycled FEC/Z sample
(Figure2e andf) are also tentatively assigned in this structditee structure also contains a
cyclic acetal unit highlighted in yellow, but the poly(VC) found to a larger extent in the VC
samples is not shown. In part due to the low enrichiesst (5%°Cs FEC in the electrolyte)

and dipolar truncation, multipleond correlations were not obtained. Nevertheless, various
onebond correlations detected in the system reflechéterogeneous polymestructure that

is formed.

4.3.4 Lithiated and fluorinated components in the SEI

T T T T T T T T 1 | SIS B S S S B B S B S S B B S S S S S B B S B B e e e |
20 10 0 -10 20 0 50 -100  -150  -200  -250  -300
o’Li / ppm 8"9F / ppm

Figure4.5. "Li and *°F ssNMR spectra of SiNWs cycled 1M LifiR pure FEC or VC electrolytes aftet, 30"

and 50" cycles measured at MAS speed of 30 kHz. The grey line in 1% MR spectra of glass fiber separator
after 50 cyclesin FEC electybes measured at MAS of 251z. Spinning sideband are marked with asterisks and
dots.

Inorganic Li salts are also obsed/by’Li and *°F ssNMR Figure4.5). For all FEC and VC
samples, LiF is observed as a distinct peakk@ ppm in the'>F NMR (Figure4.5b), with
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FEC samples containing more LiF than VC samples. Apart from LiF, residual $aRF-°F

NMR shift at-74 ppm) is the dominant inorganic species in the SEI, as the samples were not
rinsed. he Pk anion also hydrolyses, forming B (*°F chemical shift =82 ppm) and

POsF anions t°F doublet =-97 ppm) probably due to presence of trace amount of water
impurity in the electrolyte ophysiosorbedn the surface of the SINWB1 the 1%F ssNMR
spectra of cycled SiINWg-{gure4.5), a small peak atl22 ppm was observed, which can be
assigned to Sidy species® However, this peak is not consistently observed, and it is

attributed to the contamination from glddse.

No evidence of a fluimated polymer is found in th€F and*3C ssNMR spectrafl(iorinated
poymers resonating betweeh00 to-130 ppm and 100 to 130 ppm itF and**C ssNMR,
respectively. The absence of a fluorinated polymer suggests that FEC defluorinates prior to
further reduction/reaction. The result is consistent with our previous!8tuhd theoretical

workfrom Bal buen%ddés group.

4.3.5 The SiO«-SEl interface

Figure4.6ashows théHi 2°Si CP NMR spectra of pristine Si nanoparticles (SNReasured

with convertional SNMR compare toSiNWSs afterthe first 50 and 100 cycles idifferent
electrolytes with DNP enhancement. The spectrum of pristine SiNPs is shown here for
comparison sincehe SiNPs areexpected to show similar surface species to the SiNWs.
Moreover, SiNPs are available in larger qgtitees allowing us to collect apectrum with
improved signato-noise ratio. The spectrum of the pinge SiNFs mainly consistf sharp
resonances from bulk crystalline S32 ppm$3andQ-site hydroxyiterminated silica®(*°Si
resonanceat -102 ppm for @ and-112 ppm for @, whereQ" representSiOnSi( (OH)n
environments3* The weak peak at-50 ppmis tentativelyassigned tahe amorphousSi

component in the nanoparticles.

After cycling, the Ssurfacechanges dramatically ardi- (D), tri- (T), substitutedsiloxanes
are observedHFjgure 4.6a). We excluded the formation of hydrogen terminated Si species
because no dramatic intensity decrease was observed itHi8Si dipolar dephasing
experiment for kithe resonances observiedthe >°Si NMR spectra (Figure B.11), indicating
that there are no B8H bonds.
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Figure4.6 2°Si NMR spectraf cycled Si using different techniques. tely 2°Si CP DNP NMR of S\Ws after

the first, 50 and 106ycles; pristine silicon nanoparticles were measuretHdy°Si CP NMR without DNP and

its spectrum is included for comparison. {#8i DNP NMR using cross polarization (CP) and direct excitation
(DE) on SiNWs cycled in LRBfor 50 cycles, withlrecycle delayf 3.5 s and 10 s, respectiveljhe CP spectrum
mainly shows prototontaining surface species, whereas the DE spectrum (grey in b) mainly contains signals
from the outer Si@shell on the SINW<c) HT 2°Si HETCOR of $\NWs cycled in FEC for 50 cycles wittb ms
contact timeand recycle delay of 3 &) Cartoon showing possible Si surface structures and their corresponding
chemical shifts; R denotes an alkyl group. The proposed structures are mainly basetHd3°8i¢HETCOR
result.?°Si shifts of SiQ and Si species asimmarizedcrystalline silicon(c-Si) -81 ppn amorphous silicorfa-

Si) -40to -70 ppmt=®,

After the first cycleanew resonance approximately68 ppm arisesyhichcan beentatively
assignecitherto T° organosiloxane ((SiG$IR, where R is aliphatic carborf)orto @ single
(non-bridging) tetrahedrailicate (possibly wittsome chargéalancing LT ions, LinH4-nSiOs,
where n=1 to 3. TheHi 2°Si HETCOR of the SiNWs cycled in FEC for 50 cycl&glre

88



4.6¢) shows thathe?°Siresonance arouné6 ppm is connected to hydroxyl group(s) with
shift at 6.5 ppm, but shows cross peakwith protons on alkycarbongwith *H shift around
2.0 ppn), indicating that SiC(H) groups are not present. Therefore, the HETCOR data support
the assignment ahe-68 ppm?°Si resonance to@° silicate rather thaf® organosiloxaneBy
using various CP contatimes, we find thatthe -68 ppmcomponent haa fastCP buildup
curve FigureB.10), confirmingthatthis speciess in closeproximity to protons suggesting
that it is associated with a silanol groupintHsnSiOs) instead ofa protonfree lithium
orthosilicate (LkSiOs). Moreover, the intensity of th&8 ppm peak increased dramatically
after air exposurand a second resonance @& ppm is observefFigureB.12). Thismay be
due to thefurther hydrolysis of theLinH4nSiOs and the other Q site spesileadingo the
formationof a specieshat contains more abundant protons.

The-82 ppm peak in the SINWs after the first cyislattributed to @ sites ((SiO)Si((OH)s)
instead of crystalline S{?°Si shift at-81 to -85 ppm¥3, ascrystalline Siis completely
amorphised durinthefirst cyclebased otheelectrochemistry (amorphous Si tzagery broad
29Sj shift around40 to -70 ppm'39). The HETCOR spectrunf{gure4.6¢) confirms that the
82 ppmspecies is associatedtvia silanol proton (6.5 ppf) Of note, theHETCOR spectrum
reveals that although the! Q82 ppm) resonance is more distirtbie broad silanol resonance
spreads from40 to-120 ppm, the region arourfl4 ppm corresponding to & @nvironment
(i.e.,Si(OSik(OH)2). The broad resonance reflects thigtribution of local environments the
amorphousSi(ORh( R@n)(n = 0, 1)network, (including Si-OH vs Si-O'Li* termination ad
Si-O vs. SiR connectivity).

Two new?Si peaks at18 ppm and45 ppm become more pronoeed in the SiNWafter 50
cycles Based oiits distinctchemical shift, thel8 ppm peak can be assigned {8I0)SiR-

137 or an alkylsilane (Si).SiR'*® (Figure 4.6d). This assignment is confirmed BT 2°Si
HETCOR (Figure4.6c), where the?®Si peakat -18 ppm is only correlatea the protons on

alkyl species 2.0 ppm). For the -45 ppmSi peak correlationsto both the protosion alkyl
carbors (2.0 ppm) and hydroxide protos (6.5 ppm) are observedn the Hi 2°Si HETCOR
spectrum, thus the45 ppm resonancean be ascribetb a T! site (SIOSIR(OH).*%® Such
organosiloxane sjpees can be formed via the reduction of the hydroxyl groups on the surface

forming a Si C bond (possible reactions wileldiscussed laterA similar trend is observed
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in SINWs after 100 cycles #C3 FEC electrolyte: the intensity of organosiloxane sgeuwiith
a2%Si shift at-45 ppm increasdsirther, while the relative intensity of the’ §ites at102 ppm
significantly decreases. In general, we find that the hydroxyl terminated species on the Si

surface are gradually converted to organosiloxanegwascton of cycling.

Figure 4.6b compares thé°Si NMR spectra obtained by cross polarization (CP)disect
excitation (DE) of SiNWs cycled in LP30 for 50 cycles. In th# 2°Si CP experiment,
polarization of°Si nuclei locatedhear the surface is ermnged as there are few protons inside

the bulk Si and CP transfers are only effective up to a few angstroms. In the DE experiment,
any Si species (both protonated and-postonated) close to DNP biradicals are enhanced with

a pengiation depth of 5 nm*°The broad peak arounti02 ppm in the DE spectrum indicates

that a wide range of environments are present, includfrgit€hydroxile terminated silicates

and SiQ nonprotonated species. Both tHE8 and-45 ppm peaks are also observed but are
much weakerThese results suggest that the organosiloxane species observedHnfise

CP DNP NMR spectra are at the extreme surfaceeobi@k layer and only account for a small

fraction of the oxide layer (5 nm) in the cycled Si anode.

Apart from the cycle number, the electrolyte solvents also affect the relative intensities of each
Si component. Though CP DNP NMR is radtsolutelyquantitatve, the intensity difference
allows anestimation of the relative populations of different Si sifdlsspectra are normalized
by the-68 ppm silicatepeak (arbitrarily selected) facilitatethecomparson. After the first
cycle, therelativeintensty of Q® site (-102 ppm)in the LP30 sample is much smaller than
those in the FEC and VC sampl&hisindicates that native hydroxyl groups are converted to
thesilicatdorganosiloxane sites, but that this conversion is more pronounced (or ndg@0
than in pure FEC and VC electrolyt@®. more organosiloxanes and §pecies are formed in
LP30). In the 50" cycle,the same trend is observede G sitesin LP30 are weakesompared

to VC and FEC, with FEGtill having the most intens®® peak The peak intensitiesf
organodoxaneg(-18 ppm and-45 ppm) are also slightly larger in the LP30 sample than in the
FEC and VC samplesn short, the Si@surfacereductionis more pronounceth the LP30
than in FEC and VC electrolytes.
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4.4 Discussion

The SEl derived from pure FEC and VC electrolytes contains a large amount of branched or
crosslinked PEO, which is similar to LP30 + 10 vol% FEC, but different from the linear PEO
type polymer observed in the additifree LP30 sampl&’*&13n this study, the crodinking
units were found to be acetal carbons connected to-tigg®carbons, as confirmed by a
13C1 3C homonuclear correlation NMR experimeRtgure4.4). Across all samips, we find
that he presence of the acetal carboncamsstently associated with improved capacity
retention. Methoxide groups are also observed, which lilegsesenend (terminal) groups of
the organic polymeiOf note,the hydroxyl groups in PE@/pe solid polymer electrolytes have
been chemicallymodified to form methoxide groupswhich are expectedo reduce the
pol ymer so6 r eact i*Yandpatentially inceast she diical stabitityaolthe
SEls.

Crosslinked PEO can be formed following the reaction pathway described in our previous
work 13! Briefly, FEC defluorinates forming an EC radicathich transforms to VC via
hydrogen loss. Alternatively, the EC radical forms vinoxyl radical (O=CHCHr
-OCH=CH) with concurrent loss of C{dSchemet.2). VC can also be reduced to a radical
anion (OCH=CH) , whi c h i sconjugatob.iThemaxy ihdichl gan feact with a
sp’-hybridized carbon, formig branched species containingetal carbos, aldehyde and
alkene terminations (seé@hapter 3Schemes.2), all of which are observed in o4iC NMR
experiments. In EC based electrolyte, no such branched species were observed. One possible
explanation is that for EC rinrgpening reduction domines, and the reduced species (e.g.

- CH2CH>OCOQO) cannot easily lose protons to form the vinoxyl radicals. @u&e lack of
vinoxyl radicals and unsaturated carbons, no significant concentrations of branched polymers

are formed in standard LP30 electrolyte

Apart from the crostinked PEO, the SEls formed fropure FEC and V@lsocontainalarge

amount of aliphac carbonswhich are absent in EC based samiphe large quantities of alkyl
carbons in the FEC and VC samples are consistent with the cr¢fieient species identified
by Nakai et al. in the SEI formed on Si thin films in a FEC/DMC solffeBtaised on XPS and
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Schemet.2. Possible reduction reactions for FEC and VC based of?f&f
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ToRSIMS results, the authors concluded that the oxydgditient species is a polyene type
polymer. Here, we observed that such oxydeficient polymers primarily contain alkyl
chains instead of unsaturated carbons (Withresonances around I2@10 pm), although a
small amount of alkenes are observed in pure FEC/VC electrolytes (Fighren the
AppendixB). Oxygen deficienspeciesanbe formed byurtherreduction ofvinoxyl radicals
with theformationof Li»O (Schemet.2). The reduced species, suchetisenyl radicaf, can
form dimers that subsequengplymerize resultingin crosslinked aliphaticchains Reactions
with other radicals, including those formed on reductive-apgning of the cyclic carbonate
can also generate aliphatic groups; this mechanism is thtugatresponsible for LEDC and
LBDC formation?’ Though we have not observed the radicals, reduction reactions of this
nature must occur as the aliphatic carbons account for ~41% of the total sayhal Table
4.3). Feweraliphaticcarbons were observed in the EC/DMC systerasumably because the
major reduction reactions do not involve the formation of letig/ radicals and/or require
reactions involving radical (re)combinatith.

2Si DNP NMR reveals the bonding nature between the organic SEIs and Si surface.
Organosiloxane species grow on the Si surface as a function of cycling. The formatioof Si
bonds has previously been predididy Balbuena and coworkers using DFT aidinitio
moleculardynamic simulation$?! Prior experimental evidence of & Si species comes from

XPS Si 2p spectra, where the Sig2ak shifs to lower binding energy after cycling (from 103

eV to 101 eV), indicating that the Si€urface undergoes a reductimocess during cyclinf®

620ur XPS Si 2p peaks of cycled SiINWs sample are bthad0leV peaks not well resolved
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from the 103 e\peak (see FigurB.6 for details) Nevertheless, the XPS data seems to suggest
that the SEI in the VC sample is thicker thanRE€ and LP30 sampl@dter the same number
of cycles.

Here,we utilized DNP andreveakd detailed moleculastructureconcernng theSi surface.
The formation of the organosiloxargecorrelated with theeductionof the native oxide layer
(SiOy) on SiNWs Reduction of the hydroxyl groupsn SiOx surfacelikely leads to the
formationof thermodynamically stablepecieqe.g.LiOH, Li>O andH2) as well asan under
coordinated silicaadical (SiO)Si(OH)- (one possible reaction is illustrated in reactign 1
Note that the evolution of Hjas from the reduction of FERased electrolyte has been reported

by Jung et al. usingn-line electrochemical mass spectrometfy.
(SIORSIi(OH). + 2Li" + 2 A (SiO):Si(OH)- + Li2O + -H> (1)

The undercoordinated silica specieanreactfurtherwith the solvent, forming SC bondg as
outlined by reactiong, 3 and 4Reactions with radicals formed via diteansfer of electm

from the Li-Si-O surface may also occtft

(SIO):SI(OH)- + R-HA (SIORSIR(OH) + H- )
or (SIORSI(OH): + ECA (SiORSi(OH)-CH2CH-O(C=0)O0- 3)
(SIORSI(OH)-CH2CH2-O(C=0)0 + Li* + €A (SiORSI(OH)-CH,CH-O'Li* + COy (4)

The [ site (-18 ppm)observed irf°Si NMR (Figure4.6) can beformed via thereduction
reactions proposed abouey substituton of two-OH groups in(SiO)Si(OH), with two R
groups The growth of the Pand T, species as a function of cycle number indisaidynamic
change of Si surface species and a sequential reduction protesSiak surface

SiNWSs cycled in LP30 electrolyte show more severe reductfa®iOx compared to those
cycled in pure FEC or VE@lectrolytes. One possible origin for thigfedience may lie in the
variation of the polymeric SEI structures. For examile,drosdinked polymer formed from
FEC and VC majynhibit solvent permeation through the SEI ahdsslow down theeaction
between the solvents and tB#y surface Sincethe EC reduction mechanismecur at lower

voltages, i.e., EC is more stable, it may be that coupled reactions involving EC reduction and
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Sit C bond formation play an important role in reducing the xS0Orface.Finally, the
differences may also be relatiedthe different changes in silicon morphologies on cycling EC
vs. FEC/VC electrolytes, leading to variations in the nature and quantities of exposed surfaces.

Calculations have shown that the lithiated siliceacts with EC (and related molecules) by
attack of the carbonate carbon, which does not result in the formation of -tiveddi C
bond%® Instead breedown products such as ethylene andCiOs, are formedi® Thus,
although the exposure of fresh (lithiated) silicon surfaces presumably promotes further
electrolyte reactions, the fully lithiated siloes may not generate the stableCSspecies seen

in this study, consistent with our suggestion that they arise from reactions of the silanol groups.
PerezBeltran et al. have shown by calculations that redaatf Si OH groups can lead to the

formation d Sit H,**1 butwe see no evidence for them in our NMR stadie

Since these organosiloxanare formedon Si surfaces during electrochemical cycling, this
suggestsome stability othe Sii C bondsn the reducing environment. SiNfRiformly coated
with PEGVC type polymer that contain suchi &l bonds via click cherstry have been
demonstrated to improve the cycle life of Si anddes)d theformation of such $iC species
may also be relevant fatrategiesnvolving conformalcoating Si with carbon andn part,
explain why carbon coatings help increase the CE and capacity retértfigkdditional
information concerninghie spatial arrangement die organosiloxane layer on Svill be
helpful to understand ifgassivatingability (e.g. is it a monolayer, or@reshell structure, or
simply formed in discrete regions on the surfdéel is possible that such an interfacial layer
maybe further tailored to achieve certain binding modes on the Si stitieeright help to
decrease theide ractions between Si artde electrolyte

The pevious XPS study of the SEI by Schroder et al. suggest that the Si surface can be
passivated by forming BF species? In this work, no strong evidence to support the formation
of Sii F species was found in tA%i NMR and Si 2p XPS spectra of cycled electrodesseh
species hav®Si NMR signals at around 05 to-130 ppm* (Figure B9) and Si 2p XPS peaks
around 106 e¥**(Figure B.§, but no obvious peaks were observed in either the XPS & NM
spectra. ThéF ssNMR spectra of cycled SiINWBigure4.5), do contain a small peak-dt22
ppm, which is assigned to SiE) species. This peak is not consisteotigerved, however, and
is attributed to the contamination of the sample by glass figuie4.5) from the borosilicate
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separator. The results imply that while shashounts of SiF species may be present on the
electrode surface, they are not the dominant species, as they are below the detection limit of
19F NMR and XPS.

According to the weétknown mosaic mod&P® and experimental evidences from XPS and
TOF-SIMS®, the SEI consists of two layers: the inner SEI close to the electrddeestinat
mainly consists of inorganic Li salts (suaf LeO, LiF and LpCOs) and the outer layer of the
SEI which primarily contains the polymeric components. @irand °F ssNMR spectra
(Figure4.5) shows that LiF, residual LiRBalt and P& breakdown products are clearly prat

in the cycled electrodewjith decomposition of both the PRnion and FEC contributes to the
formation of LiF. The presence ofAd0s is also confirmed by°*C NMR as evidenced by the
13C NMR resonance at 170 ppifhe role of inorganic species in tBEl is still unclear as they
are observed in all the electrolyte formulations studied here and yet the LiF concentration for
example, doenot correlate with improved electrochemistry. The role efitiorganic Li salts
may dependn both the chemical sicture as well as other factors including particle size,
spatial distribution in the SEI, and interaction with the organic SEI. Howe\emhortant
conclusion we draw from ti€Si DNP NMR and the multinuclear NMR studies is that the Si
surface is not girely covered by inorganic species but is partially bonded to the organic SEI.

Based orour initial chemical analysis, the difference in the electrochemical performance of
LP30, FEC and VC can be explained at least in part by the differences in thgiepgoSEls.

In EC-based electrolyte, linear PE§pe polymers form and some of the degramatiroducts

are more soluble than those derived from electrolyte containing FEC addftifés linear
PEOtype polymer may not be able to accommodate the volume expansion of Soamade
poorer Li ion conductivity than the branched PE®Furthermore, continuous solvent
decomposition on the Si surface leads to pore clogging of the electrode, which ultimately

restricts the Li ion diffusion through the SEI.

With the addition of FEC or VC, a heterogeneous polymer forms with specific functionalities:
the crosdinked PEO/poly(VC) part can conduct Li ions and the aliphagon may be
electronic insulating and/or help prevent permeation of polar solvents. However, the cross

linked polymers formed in pure FEC and VC electrolytes do not form perfect barrier coatings
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as we still observe the continuous formation of organosikexand Gulombc efficiencies of

less than 99.5% in these systems.

The mechanical properties of crdsked polymers formed in FEC and VC systems may also

be different from their linear counterpart as they can be more elastic, thus helping to sustain
the volume expansion of the Si anode and better protect the active material @wling 1

In addition to the composition, the microstructure of the polymer (chain length, molecular
weight, arrangement of repeating units in the backbone, etc.) can also influence the mechanical

and ionic properties of ti8El, which is otside the scope of th@urrentstudy.

To understand the heterogens organic SEI detected in the FEC and VC electraigteer
knowledgefrom the field of solid polymer electroly® (SPE) is of relevance, where new
hybrid- and blockco-polymers show pmaising results for increasg ionic conductivity*4® For
example Khurana et al. reported a crdstked SPEconsisting of polyethylene and PEO with
short chaimpolyethylene glycoplasticizer, which is chemically sinait to the organic SEI we
detected in th&EC/VC sampleSuch SPE was found to exhibit high lithium conductivity (>
1.0x10S/ cm at 25 eC) and was abl eTherelaionghipr e s s
between the degre# crosslinking and Li ion conductivity was also explored by Thiam et
al..}*® who showedhat the highet.i ion conductivityof PEO polymers (1.& 10* S/cm at
30eC ) <can b erolliogdthearosdiekdlendity Cocetating the structure of the
polymeric SEI with the electrochemical performance is key to fully understanding the SEI on

alloy type anodes.

It is clear that solvent still penetratésrough the SEI and approaches the yS$Orface
sufficiently closely to allow electrotunnellingand solvent reduction. Strategies that reduce
solvent penetration are required to improve the SEliargispeculate that the success of
cellulose bindersClies in part due to the strong bonds to the,Si@face and the fact that it

does not swell in carbonate electrolytes.
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4.5 Conclusions

This work has identified key chemical sigmags on the surface and interphasei@é&ctrodes

cycled in pure FEC and VC and a standard LP30 carbonate electrolyte with 1 M ThieF

SiNW electrodes cycled in FEC and VC electrolytes show better electrochemical performance
than those cycled in staatl LP30 based electrolyteSC NMR experiments of both*C
enriched and natural abundance electrolytes reveal that the organic electrochemical
decomposition products of FEC and VC mainly consist of dinked PEO and alkyl chains

with carbonate and damxylate units forming 15% of the carbon content of the fEfived

polymer.

For the FEC system®C-labelled electrolyte was used to perfotme 2D*3Ci 1°C correlation
experiment, which reveals key molecular fragmentgainimg branched acetal carboitfie
branched polymers formed in VC electrolyte show noticeable difference from FEC sample: the
crosslinked acetal units and the ethylene oxmégions exhibit highetH and**C ssNMR
chemical shift in the VC samples than the FEC samples. The chemitaiérence may be

due to polymer conformations or the nearby chemical species. Siuabelled VC is not
available, 20FCT *°C correlatiorexperiment on the VC samples was not performed to confirm
the formation of poly{VC).

The highly crosdinked PED has three potentially positive implications for the stability of Si
anodes. It may (i) reduce solvent penetration and swelling of the Skid&dpreduce further
solvent reduction, (i) accommodate the expansion and contraction of the silicon andyiii)
possibly have improved Li ion conductivities than linear PEO found inb&sed

electrolyte$*. Studies are currély underway to test these hypotheses.

The evolution of the Si surface structure is revealed®8y DNP NMR. The hydroxyl
terminated SiQis gradually reduced to form organosiloxane species containiri [8inds,
indicating that the Si surface is notiegly covered by inorganic Li salts but some Sgfoups

are also bonded to organic SEI components. We beheatéhte SiC bonds formed on cycling
have intrinsic stability in the reducing environment. However, the presence of thd&nd
alone does natecessarily correlate to improved electrochemical performance. Likely it is both

the chemical structures of tbeganic SEI and the uniformity of the SEI coverage on the active
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material that influence the cycle life of Si. Overall, this work has provigledamental insight
into the chemical species that form on cycling and result in increased Coulombic efficiencie
and capacity retention in Si anodes foiidm batteries
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Chapter 5 Electrochemical reduction products of

ethylene @rbonate
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5.1 Introduction

Ethylene carbonate (EC) is one of the most critical components in commercial electrolytes, as
its decomposition producfsrm a stable passivation layer on the graphite anode, preventing
further electrolyte degradatioMoving from graphite tohigh-capacity Si anodes, Eased
electrolyte, however, cannot form such a stable interphase: large amounts of soluble

degradation sgries has been identified in the cycled electrolytes and continuous capacity

fading is observed.

Lithium ethylene decarbmate (LEDC) has been reported as the major degradation pafduct
EC*®However, LEDC is highly soluble and cannot passivate the electiodesible organic

SEl components derived frof¥Cs-labelledEC electrolytes mainly consisif PEGtype
polymers*’48 Similar PEGcarbonate copolymers are observed in EC based system by ssSNMR
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in Chapter 3. Covalent bonds between the polymeric SEI and Si surface are also identified.
Nonetheless, it is still unclearhy these degradation products passivate graphite, batheot

Si anode Detailed information about the chemical structures of thesgmeot remains

unclear Further understanding about the connectivity between the ethylene oxide (EO) and the
carbonate unétas well as the conformation of these oligomers are relevant to fully understand
the SEI 6s properti es. |fSredlvingthepuezleNTéhniqusssuch p o we
as diffusion orderedspectroscopy (DOSY), and 2D correlation experiments cansed to

clearly identify these chemical structures.

As a continuation from Chapter 8)e electrochemical reduction products from bét@s-
labelledEC and noflabelledEC have been analysed by various solution NMR techniques.
Additional calculation was prmed to find the trend of thi#d and**C solution NMR shifts

in these oligomers. Empirical rules summarized from the calculaterth@n used to aid
experimental assignment. Unique linear ethylene oxide -@&@)onate oligomers with
methoxide end growgoare identified as the major degradation products from ECtraspray
ionizationhigh resolutiormass spectromet(lSFHRMS)is then used to confirm the chemical

formulas of these oligomers.

5.2 Experimental

Coin cells: silicon nanowires (SiNWs).i half cells were prepared using LP30 or LP5t@s
EC (1M LiPFs in ECA3C3 EC/DMC=1/1/2, vIvIv) electrolyte. Cells were cycled at C/30 (120
mA/g) between 02 V for 30'50 cycles. Details about the materials, synthesis of SINWs an

coin cell preparation can be found in Chapter 3.

Solution NMR: after cycling, cells were disassembled, and the separator was soaked in ~0.6ml
ds-DMSO, then the solutiowas transferred into an dight J}Y NMR tube for solution NMR
measurementSpectra were recorded on a 500 MHz Bruker Avance Il HD, with a DCH
(carbon observe) cryoprobe or Bruker AVANCE 400 equipped with a BBO [fBpleetra are
internal referenced tds-DMSO (H at 2.50 ppm andC at 39.53 ppm)3Ci °C COSY
spectumwasrecorded using Bruker COSYDQF pulseprogram: F23C) was acquired using
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a time domain of 4096 points, F£¢) 1024 increments, over 236 ppm. The relaxation delay

was 3 s and 4Qcans per slice was used.

'H Diffusion SpectroscopyOSY) experiment was performed using a Bruker pulse program
dedbpgp26 wi t h bi pol ar g r a'd B2espectra with lvarying dramlient d i f f
strengths have been recoraeith a diffusiondelayof 10 ms and the gradient pulsedlth of 2

ms. Linear fitting of the intensity decay vessthe gradient using Dynamic Center (Bruker)

software provides the diffusion coefficients for each species.

ESI-HRMS: Cycled SiNWs were soaked in acettnile for 48 h to dissolve the organic SEI.
SiNWSs were removed by centrifuge and the supernatant hsdiby a factor of 3 for three
times using CBCN before the measurements. All procedures were performed in air. ESI
HRMS experiments were performed in the positive ion mode oAT®OR instrumen{Waters

Xevo G2S) equipped with gneumatically assisted electrospray ion sourespi@ay) and an
additional sprayer for the reference compound (LockSpray). The prepared solutions were
directly intoducedvia an integratedyringe pumg5i 10 L mirt?) in the electrospray source.
The sourceand desolvation temperatures were kept at 80 andd5@spectively. Nitrogen

was used as a drying and nebulizing gas at flow rates of 350 and'30redpectively. The
capillary voltage was 2.5 kV, the cone volta@@ ¥, and the rf lens 1 energy 8Q Calibration

of the instrumentvas performed using the ions produced by a phosphoric acid solution (0.2%
in H2O/CHsCN, 50/50 v/v). The mass range wag 5000 Da and spectra were recorded at 1 s
scantin the profile modet a resolution of 10,000 full wikl at halfmaximum (FWMH). Data

acquisition and processing were performmsthgMassLynx v 4.0 software.

Calculations of 'H and 3C chemical shiftwere obtained from ChenmBw Software via

empirical method.
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5.3 Results

5.3.1 Electrochemistry
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Figure5.1 Electrochemical performance of SiNWs cycled in LP30 (black) and LFG9EC (blue) electrolytes.
(a) Capacity retention, (b) Coulombic efficiency versus cycle number. (c) The voltags at the ?, 30" and
50" cycle and (d) the their corresponding dQ/dV plot of cells cycled in LP30 electrolyte.

The electrochemical performance of SINWs cycled int#&Sed electrolytes is shownRigure
5.1. Though the capmities are slightly different (probably due to the measurement error
associated with the SINWs mass), similar capacity fading trends are obserbethfolP30
electrolytes with and withouf’Cs labelled ECNote that theCoulombicefficiency of these
cells arearound 9297 %, far below the requirement for commercial batteries. The origin of
the capacity fade can be partially revealed by their voltage curves and dQ/d\VFgats.
5.1ci d show that the first lithiation process arounai 0.5 V diminishes between 30 and 50
cycles. This igrobablydue to the formation of a thick, blocking SEI, which impedegohi
diffusion and increases the barrier for further lithiatitdhe chemical structure of this
blocking layer is analysed by solution NMR.
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5.3.2 H solution NMR of cycled electrolyte

pristine

(b) LP30+ ||
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Figure5.2 H solution NMR of thepristine andtycled eéctrolytes. The intensity is normalized by the mastense

peak. TheC satellitss aremarked with asterisk

TheH NMR spectra of pristineP30, LP30+3C3 EC, and those electrolytesterthefirst, 30

and 50cycles are shown irfrigure5.2. Strong*H NMR signals arising from EC, DMC, and
deuterated DMSO solvent are at 4.48, 3.70 and 2.50 ppm, respedftehythe first cycle

one singlet 84.30 ppm was observed P30 electrolyte (coloured in yellow), which is
assigned to LEDC and the assignment is discussed in detail in Chapter 3. In electrolytes after
30 and 50 cycles, multiple peaks are observed at around 4.2, 3.6, and 3.5 pptheanegion

of 3.0i 3.3 ppm (coloured in blueandlabelledfrom a to d). The presence of multiplets the

H NMR spectraindicates the existencef small soluble molecules or oligomers in the cycled
electrolytes. To understand these new peaks, additidBaltHT '3C NMR correlation

experimentswere performed
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5.3.3 Oligomers identified byHT *C correlation NMR
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Figure 5.3 2D correlation NMRspectra of electrolytes after 30 cycles: LP30 sample in the upper panel and
LP3+C; EC sample in théower panel(a, d)*H-'H COSY, showing the proteproton correlation; (b, éH-C
HSQC showing the one bond protoarbon correlation; (c, fH-3C HMBC showing protostarbon correlation
through2 to 4bonds, one bond correlatiamntefacin HMBC is maked with"#".

Figure5.3 show the'Hi 3C onebond (HSQC) and mukbondscorrelation (HMBC) spectra

as well astHiH correlation spectra (COSY) of the cycled electrolytes. These 2D spectra
provide clear assignment of these emeggpeakslabelledfrom ai e in the *H NMR. For
example, lhe protons giving rise tau (4.20 ppm) are bound to a carbon witH3€ resonance
at67.4 ppmn the HSQC spectra irigure5.3b and ethe chemical shifindicaing an ethyéne

oxide EO, -OCH>CHy) unit. Longercorrelations between protons and carbons over two to
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four chemical bond can badentified by the HMBC spectra: the proton wigsonanceu is

further bonded to a carbonatecarbon at 155 ppnfFigure 5.3c and f) Based on these
correlations, a chemical fragment candszlucel for ai: ROCOOGCH.CH:-ORQ R and RO
denote alkyl groups)This structure is verified by thiHi *H COSY spectum (Figure 5.3a),

which shows thatu is correlated to bottb (3.63 ppm)and c (3.52 ppm),confirming the

structure ofROCOOGCH>CH-OR$ probably with different RO
different'H chemical shifts fob andc. Note thatH peaks afu, b, ¢ areall multiplets with
unidentifed Jcoupling patterns. This is likely due to the overlapping-bpeaks with similar

chemical environments.

While the same onbond and multbonds correlations are identified for protonaiab andc

in theH NMR for both**C-labelledand norlabeled samples, differences are observed for
the protons in thd region (3.24 3.28 ppn). For the norabelledLP30 sample, the proton at
d2 (3.26 ppm) is connected to a carbon with’'@ shift at 58.5 ppm in the HSQC spectrum
(Figure 5.3b). Based on the ormond correlationdz is assigned to a methoxide group
(ROCH3). Such correlation is, however, not visible in tf@-labelledsample Figure5.3e) as

its intensity is below the contour level shown heres Tdtt that the correlation intensity fr
protons in thé3C; EC sample is weak indicates that the methoxide group may notfoome
13C3 EC but DMC, which contains mainffC isotope (i.e. RECH3). Interestingly, multi
bonds correlation is observed forotons atl2 and an ethylene oxide carbon wiflt resonance

at 70 ppm for the LP33%C; EC sample(Figure 5.3f). This correlation peak has similar
intensity as those peaks contain protore ab andc. Normally, correlationpeak intensities
are weaker in HMBC sxtrum than those observed in the HSQC spectrum. The appearance of
correlation fordz in the HMBC but not in HSQC spectrum suggests that the protdmiat
further bound to &C isotope, probably formed froPCs EC. We now assign the peak to a
motif with the structure of RCH,O'CH3, and it may be the product formed due to a reaction
between DMC andCs EC.

A standard workflow is followed to analyse all the features in the 2D correlation NMR spectra.
First, chenical motifs are identified in th#Hi 13C onebond correlation experiment§QO0.
Second, these motifs diekedtogether byHMQC experimentFinally, theHi *H COSY
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Table5.1 Assignments in 2D correlation NMIR Figure5.3. Correlations value marked with * are not shown in

the figure but are present in a lawmntour level.

Shift/ ppm Possible assignments
147 4
Electrolyte | Index HSQC HMBC HiH COSY
lH 130 130 lH 1H
index
ai-b/c
al 420 | 67.4 155.5/68.6 | 3.6/3.5 b/c R
ROCOOCHCH.OR 6
as 4.10 - 49.1 3.18 e CHsOH
LP30 b 3.63 | 68.6 68.6/70.1 4.20 a ROCOG CH,CH20CH.R &
c 3.52 | 70.0 68.6/70.1 4.20 a ROCOG CH:CH,0CH.R 6
d2 3.26 | 585 70.0 RCHOCH3s
e 3.18 | 49.1 4.10 as CH3OH
a 4.17 | 67.1 156.9 3.6/3.5 b/c ROCOQCH:CH,OR 6
b 3.60 | 68.6 68.6/70.1 4.17 a ROCOOCHCH:OR 6
LP30+ c 351 | 70.1 68.6 4.17 a ROCOOCHCH,OR 6
BC;EC R
3 & 3.98 518 158.7 115 CH3sOCOOLI/R (lithium/alkyl
methyl carbonate)
d2 3.24 | 58.4* 70.1 RCHOCH3s

spectra are used verify theseconnectios. All the 2D correlathn data is tabulated ifiable
5.1. Here,atleastthreecompoundsan beidentifiedin the cycled electrolyteoneis noted as
ai-b-c thatconsists of a lineazhain withcarbonate group arethylene oxide unitROCOG
CH2CH-OCH2R§. Theseconccompounds as-g, and its formation will be explained later. The
third is lithium methyl carbonate (LMC, GBCOOLi ") detected adz in the'H NMR spectra.

We note thathe as-e andLMC moleculesare correlated to each oth&rgure5.4 shows that
di proton disappears with the concurrent appearance ofatlee species after water
contaminationFor the'*Cs EC sample, thas peak at 4.07 ppm iserly a quartet with 3 5.2
Hz, and the proton peakat 316 ppm is a doublet with=J5.2Hz. The peak integral ratio
betweeras andeis 1:3. Moreover, protore andeare linked to each other in thdi *H COSY
spectrum(Figure 5.3a). Combing all the informatiorgs-e is unambiguously assigned to
methanol. It worth noting that methanol shows two singlets in @B@Vent, but it shows a

well-defined Jcoupling pattern Wwen measured in DMSO solvent, probably due to the
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Figure5.4 *H solution NMR d cycledLP30and LP30+3C; ECelectrolytes. The black spetrum is the electrolyte
measured immediately after cell disassembly, while the dpeetrums acquired orthe same sampleut after
water contaminationAfter moisture permeates into the NMR tultbe d; peakat 3.30 ppncorresponding to
lithium methylcarbonate (LMC, LIOCOOCE) decreases with the concomitant emergence of new pedaied

as a and ethat corresponds to methanol

viscosily of the solvent used'he complete conversion from LMC to methanol also indicates
that LMC is highly watessensitive.

To separate the mixturé DOSY experiment was performed on the cycled LP30 electrolyte.

Figure5.5 shows the that least two compoundslf-c andas-€) are present in the electrolyte

besides EC, DMQJs-DMSO and water impurities. Tla-b-c molecule has a lowest diffusion
coefficient of 4.3E10 n?/s, smaller than EC and DMC molecules (6.5 and -LOE?/s),
whereas the methanalste) has a much higher diffusion rate of 7-5& to 8£10 m%s. The
diffusion rate can be correlated to the radiusiydrodynamicmolecule, further confirming

thatai-b-c should be an oligomer.

Solving the structure of thea-b-c oligomer is not easy. First, we note that tHepeaks atu,
b andc between (3.8a 4.2 ppm) are all protons bound to carbons Wighshifts around 68
70ppmin the HSQC spectrd{gure5.3b and e), these emical shifts corresponding to &®
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Figure5.5 *H DOSY ofthe LP30+3C; EC ekctrolyteafter 30 cyclesThe centre of the peak corresponds to the

diffusion coefficient and the peatidth is associated with fitting error.

environmentFor the'®Cs EC sampleRigure5.3e), new intens&C peaks are observed in the
carbon dimension a&7.1 (marked asA), 68.6 8) and 70.1 C) ppm, which are clearly
correlated to proton peaksaat b andc, respetively. Theimproved®*C signal in thé*Cs EC

sampleconfirms thatheai-b-c oligomer arises frorthe decomposition of Efdstead of DMC
5.3.4 BCi 13C correlation NMR

With enhanced®C signal intensity in thé*C-labled sample, th&C COSY experiment was
successfully performed to find loagnge correlations in the-b-c oligomer. A full spectrum
of the 13C COSY experiment is showFigure 5.6. An dff-diagonal peak indicates a direct

bonding between the two carbons. Strong colimigieaks betweefi Bi C in the region of
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