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Abstract

To meet the requirements for high energy density storage systems, rechargeable batteries based
onthefi b e ylghiuch iond t @aogibsmave been widely investigatedihe magnesium

battery isa promising candidatdenefiing from the utilization ofa Mg metal negative
electrode The discovery of potential positive electrode mateiiggond the seminal MBs

has been limited, howevanainly due to theluggish mobilityof a divalentMg?* ion in solid
frameworks Sincethe study of Mdhatteresis still at the early stagé,is important taconduct

research abothfinding new materiad andinvestigatingnechanisrain order to movéhefield

forward.

The strong interaction between KM@ndthe solid frameworkwhich is one of th&ey
factors eading tothe sluggish diffusioncan be reduced by usingat t i ce contai ning
anionsas already observed ftite MoeSs. Following this strategy,| testtwo titanium sulfide
materials, namely spinel 284 (with trace Cuin the structurevhichis omitted forsimplicity)
and layered Tig as positive electrodes for Mg batteries, as discuss&hapter 3A fully
reversible Mg electrotiemical cycling vs. a Mgegative electrodis demonstratetbr the
spinel TkSs. The capacity approach@0 mAh ¢t at a practical rate of C/5 and yisldn
energy density of 230 Wh Kgtwice that of thdosSs benchmarkThe Mg insertion process
is thendetermined by Xay diffraction and Rietveld refinementhich revealsa preferential
Mg?* occupationon the octahedral site of the spinel phase up te MgS, followed by a
population on théetrahedral sitduring further dischargdhe layered polymorph of Ti&lso
showsa promisingelectrochemical performance wittstabilized capacity of 115 mAhign
a Mg full cell Unlike the sloping dischargend charge curves sbned for the spinel phase,

the layered materiadontairs multiple voltageplateausgcorresponding to a change lattice
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parameteevolutionasdemonstraté byin-situ X-ray diffraction Theseresultssuggest more
complicated cation siting and ordering behavior upod*Ngertioninto the layered structure
For both titanium sulfidenateriak, improved electrochemicaderformances obtained by
decreasing the particle sizes. Benefiting from the shorter ion diffusion ldregthesuls, the
kinetics of M¢* de/intercalation is improvesbo that the overpotential becomes smallée
cycle lives of both materials are also extended) @éble capacities of 70 cyclebtainedor

the nanesized spinel BiSs and 200 cycles for the narsized layered TiS

In order to further increase the energy density of the electrdués)g from sulfides
to oxides isa directsolution due to the lighter weight and higher electronegativity dathes.
However, suclshifts have beehindered bythe poor electrochemical performance of oxide
materials in Mg cellsThoroughinvestigations of thdimitations are required to gde the
designand selectiorof new candidatesChapter 4presens the synthess of the birnessite
polymorph of MnQ as a nanostructured phase supported on condwetien cloth anthe
compaison ofits electrochemistry and structural changes when cycled as a positive electrode
material in a Mgon battery under aqueowd nonaqueous conditions.-bay diffraction
shows that intercalation of Mg ions tkesplace when cycling in an aqueous electrolyte,
accompanied bthe expulsion of interlayer water and transformation to a sgikelphase. In
nonaqueous cells, on the other hand, a conversion mechakissplace as evidenced by X
ray photoelectron spectroscopy atrdnsmission electron microscopy studies, with the
formation of MNOOH, MnO and Mg(OHat the end oflischargeThe sharp contrast behavior
in the two eletolytes pointsto the important role oMg?* desolvationin the overall
electrochemical performanc&he layered MgViosOg is also investigateds a potential

positive electrode. While no electrochemical activityobserved either in a nonaqueous or



in an aqueous electrolytechemical demagnesiatioa achieved but &els to amorphization.
Thisobservations in agreement with theubsequent first principles calculatianich predics

a strong thermodynamic driving force for structure decomposition at lof ddgcentrations
and high activation bders for bulk Mg?* diffusion. Further analysi®f the Mg diffusion
pathway revealan OMg-O dumbbell intermediate site that ce=aa high Mg migration
barrier The study demonstratébe strong influence of transition states on setting the

magnitude of migration barriers.

An alternative setupwvhich would also accomplish the advantages of a Mg negative

electrodeis a MgLi hybrid systemBy couplingwith aLi* insertion positive electrode through

a dual salt electrolyt¢he sluggish Mdg* diffusionin solidis avoidedIn Chapter5 t wo fA hi gh
voltageodo Prussian bl ue an?jhreigvestgated@apostiveage 2.
electrode material<apacities of 125 mAh’gare obtained at a current density of 10 mA g

(~ C/10), while stable performance up to 300 cycles is demonstrated at 206G (rA2G).

Their electrochemical profiles, presenting two voltage plateaasxplained based on the two

unique Fe bonding emanments. Structural water $ia beneficial impact on the cell voltage
butslightly harms the capacity retentid@verall, tie hybrid cell desigpresentsn alternative

pathtowards building a safe and high energy density storage system.

Although much effort has been takendevelopi b e y o-in d syétamsthe Liion
techrology still governs theurrentrechargeable battgemarketand improvement is required
Chapter 6demonstrateshe possibility of stabilizindithium transitionrmetal silicate inthe
olivine structure Using LiInSiQy and LiScSiQ as the parent structures, transition metal (Mn,
Fe, Co) substitutions on the In/Sc sareexamined by atorstic scale simulationThe InCo

combination showshe highest probability of catiatisorder Subsequent solid state synthesis
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reveasthata significant amount of cation substituticen beobtained only for thén-Cocase,
with Co in &s +2 oxidation stateat the end. The stabilization of thelsstituted suctureis
achieved by the additional entropy provideddayion disorder as well as theatch of cation

sizesin the lattice
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Figure 317. SEM images of biTiS; (left) and NLTiSz (right) ... 63
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I phase 3 and grednphase 4)) The broad hump is a background signal from the glassy
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Figure 325. Proposed Mg (de)insertion mechanism based on XRD data. This involves a
multistep Mg insgion mechanism into TiS with initial occupation of primarily the
octahedral sites (phases 2/3) followed by occupation of the octahedral and tetrahedral sites
(conversion of phases 2/3 to phase 4). The latter process is electrochemically reversible, but
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Figure 41. Birnessite crystal structure showingvater monolayer (green) between the MnO
sheets (purple). Mg ions are SNOWN iN OraNge.........ccooviiiiiiieeeiieee e 78

Figure 42. (a) XRD comparison of Mbir/CC composite (violet; only the index for the peak with
highest intensity of the clump is shown for the purpose of clarity) and bare cartiofrett).
Bragg peak positions for birnessite are noted by the black tick marks, and reflections from
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carbon cloth substr at’andeaN ffow Tieedemperagire wast e o f
held at 90 eC for an hour pri.ar..t.o..L8e scan

Figure 43. (a) TEM and (b) SEM images of MOIr/CC................coo oo, 81

Figure 44. Discharge and charge profiles of Mig/CC positive electrode in 0.5 M
Mg(ClOg)2/water electrolyte at 2C rate. Inset shows negligible capacity of the bare carbon

cloth (specific capacity calculated with respect to thdilogof birnessite in the actual Mg

0] /L@ O | ) SRRSO PSPPI 82
Figure 45. Capaciy and coulombic efficiency evolution of Mgjr/CC positive electrode in 0.5
M Mg(ClOu)o/water electrolyte at 2C ratl........ccoceeveeeiieiiii i reeee e 83

Figure 46. SEM and accompanying EDX of a piece of separator aftebiMgC is discharged in
0.5 M Mg(ClQ)/water electrolyte. Two separaters were used in the cell, and the one facing
thenegative electrodside was used to ensure that no birnessite contamination occgdred.
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Figure 48. (a) Comparison of the XRD patterns of dischargeebMC in aqueous cedind the
spinel MgMnQa; (b) Representation of the spinel Mgk showing the stacking of (c) the
KAGOME TAYETS. ... et ree e e e e e e e e e s s bbb s e ennsas e e e e e e e e eaan 86
Figure 49. Voltage profiles of the working (top) and counter (bottom) electrode cbiMgGC
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Figure 410. (a) Voltage profile, (b) capacity and coulombic efficiency evolution of-MgCC
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Figure 411. Thermodiffraction of Mgbir/CC under a helium floW..........ccccoeeeiiiiiiiiiccnneen, 91

Figure 412. (a) XRD patterns of cycled electrodes (charged states) in the nonaqueous cell; (b)
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Figure 413. Capacity and coulombic efficiency evolution of M@/CC in 0.25M Mg(TF$2/
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Figure 415. (a-c) Mn 2p3/2 and (d) O 1s XPS spectra of (a, d) pristine, (b, e) discharged, and
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Figure 416. (a) C 1s and (b) typical survey ZRBpectra comparing the pristine, discharged and
charged samples cycled in nonaqueous electrolyte, showing contributions from the TFSI
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Figure 417. (a) Voltage profile and (b) capacity evolution of ®igCC cycled in 0.25M
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Figure41 8. EELS spectra of the pristine, discharg
ard Mn L-edge; (b) Mg Kedge. (c) Bar plot showing the quantification of the Mn valence
state determined from the L3/L2 ratio. HRTEM images of the (d) pristine, (e) discharged,
and (f) charged cathode materials show their polycrystalline nature..................... 102

Figure 419. Schematic diagram showing the electrolyte influence oti Mgertion mechanism
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Figure 420. (a) Crystal struate of MgMo030s. (b) MoQs octahedra layer showing Molusters.

Figure 421. (a) Rietveld refinement fit and (b) SEM image of pristine:MWmOs (Bragg
Brentano geometry, black crossegxperimental data, red linégsfitted data, blue liné
difference curve between observed and calculated data, greeinttiekBragg peagositions
Of the M@MO308 PRASE)......cciiiiiiiiiie e e 106

Figure 422.(a) Rietveld refinement fit and (b) SEM image of fully demagnesiatesMdgDs
(DebyeScherrer geometry, black crossesxperimental data, red linésfitted data, blue
linei difference curve between observed and calculated dataj tickBragg peak (sitions
of Mg2Mo030s (green) and standard silicon (pink). The broad hump is a background signal
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Figure 423. (a) Rietveld refinement fit and (b) SEM image of fully demagnesiatet/Ibi®s
(DebyeScherrer geometry, black crossesxperimental data, red linésfitted data, blue
line i difference curve between observed and calculated data, green tiek8ragg peak
positions. The broad hump is a background signal from treyXapillary.................. 110

Figure 424.Electrochemistry of MgMo3s0s (a) casted on Mo currénollector and tested in 0.4M
APC, and (b) casted on Ti current collector and tested 0.5M Mg)GtOwvater at C/20 rate
(IMg?*/Mg2Mo3s0s in 20 hours) and room temperature, showing no activity........... 112

Figure 425. (a) The activation barrier for Mg diffusion along hops 1 and 2 in theMdgDs
structure, with the normalized patlsnce on the-axis. (b) A closer view of hop 1, where
the numbered circles correspond to various intermediate sites along the hop as labeled in (a).
The intermediate tetrahedral site, which is esdlgaring with the stable tetrahedral site
(green), is idicated in yellow. (c) An alternate pathway for hop 1 that involves intermediate
octahedral (dark blue) and tetrahedral (yellow) sites, which aresfeaming with the stable
tetrahedral (green) and octahedral (orange) sites, respectively. The interrsibetaiie ()

also share a face with the MeQctahedra (light blue).................cccc e, 115
Figure 51. Idealized crystal structure of a Prussian blue analogue (PBA)................... 118
Figure 52. (a) SEM image of PBA crystallites and (b) TGA ofRBA (green) and GPBA
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Figure 53. Rietveld refinement results for (a) PBA and b) 07PBA (black crosses represent
experimental data; red solid lines show fitted data; blue lines show the difference map
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Chapter 1

l ntroducti on

1.1 Energy Storage

Thedemand for Bergy stoage systemhbas increased rapidly in the past dec&aessil fuels

are the primary energy sources nowadays; however, their limited reserves, as well as the
environmentalssues such as global warmingaused by thie massive production of C@as,
havedriven the search for new energy sourcsla andwind are renewablenergiesand
environmentally clegnmaking them competitive for grid energy storaa energy storage

system isthenrequiredfor load leveling Another largeusage of fossil fuelgs in internal
combustion engine (ICE) vehicleshich havesee a great growthin demand in the past

decade andre currently the dominanteans of transportationoTd ay 6 s dependence
fuelscan be reduced or eliminated by repladiGg vehicleswith electric powerednes, such

as hybrid electric vehicles (HEVsplugin hybrid electric vehicles (PHEVsS) and electric

vehicles (EVs).

Rechargeable batteribavetheir potentialapplicationsn the above field Driven by
the redox potential differend®tween positive and negative electrodes, electrons move along
the external circuit of a battergndenergy is provided. A battebecomesechargeable ihis
process an be reversed by applying an external power. In this way, ensrggversibly
releagd and stored by switching between discharge and charge nthdesnt statef-the
art rechargeable battes arebased orithium-ion techrologies and widely used for small
portable devices such as cell phones and laptops. Howeueretieegy density eéeds to be

further increased to be practical for vehiclEsr examplea 50 km drive would require a

1



battery to provide at least 7.5 kWh energy assuming efficient energy conyeasiont 700
timesthe energy thus size of a typical cell phone batterffor alongerdriving range on a
single chargeevenlarger batteries amecessaryAt the same time, the cost of batteries rseed
to be greaty reduced to be compatible wittat ofICEs. A modification on the.i-ion batteies

is undoubtedlynecessaryo meet the requirementélternatively, moving towardsibeyond
Li-iono t eogiks providesa morgfundamental solution to overcome the current limitations.
Nevertheless, @horoughunderstanding othe Li-ion chemistry will provide insights to

advance the researghother, relatedfields.

1.2 Rechargeable Lithium and Li-lon Batteries

Lithium metal is one of the best choicasthe negativeelectode materiafor rechargeable
batteriesdue to its light weight (6.941 g m$land low redox potentiat§.04 V vs.standard
hydrogen electrode S(H.E)). In 1976, Whittinghamet al. discovered reversible Li
de/intercalation into layered TiSand construed the firstrechargeablé.i battery, usinga
TiS; positive electrodend a lithium metalnegative electrod&® V.0s was identifiedas an
alternative Lt intercalationpositive electrodsoon aftef, and the focus gbositive electrode
materialshas sincehenshiftedto oxides due to theihigher specific capadgs and vdtages
than sulfides In the 1980s, Goodenougét al. showed the excellent electrochemical
performance ofhelayeredLiCoO: (Figure 1-1a),®> which still governs todags major class of
positive electrodesIn parallel, it was realized that Li tends to form dendrite during
electrochemicalepositionyesultingin ashort circuitbetweerpositive and negative electrodes
upon cycling and cairgy safety issue$ Whereasan alloy negative electrode experiesiegge
volume changeand results inlimited cyclelives,’ carba-basedmaterials that functiomn
intercalation mechanism show superior propefties.
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In 1991 Sonycommercialized the first Lion batteryusing a LiCoQ positive electrode
and graphite negative electrod€ h e t eirom o Lii s a thefaetfthatei; tathen n
than Li metal,is involvedduring electrochemical processés fact, the Li* de/intercalation
mechanism takes place at both electro@arting off from thanitial fully discharged state,
the cellis charged by an external power supply, forcing electrons to movdliegositiveto
thenegative electrodghrough the outer circuithis loss of electraat theLiCoO- results in
the oxidation of C¥ to Cd", andLi* deintercalatsfrom the structuréo balane the charge.
The Li* then migrates tdhe negative electrodethrough the electrolyte inside the cell
intercalats into the graphite layerand carbon is reducdyy the external electroEnergy is
storedin this mannerThe reverse processn the other hand, takplace spontaneously due
to thehigherchemical potentiabf the positiveelectrodeghanthe negative so thatthe batéery
can beused as an energy suppbr other devicesThe two processes are suminadin the

equations belowand inFigure 1-2a later in this chapter)

Charge process:

Positive electrode:iCoO2 i xLi*i xe' Y Li1xCoQp Equation 1-1
Negative electrodeCs + xLi* +xe Y ks Equation 1-2
Discharge process:

Positive electrodd:i1xCoQ; + xLi* + xe Y LiCoO; Equation 1-3
Negative electrode:ixCes 1 XLi*T x& Y Cs Equation 1-4

The cell operates anaaverage voltage &.7 V, resulting from the- 4.0 V (vs. Li)
voltage of LiCoQ and~ 0.3 V (vs. Li) of graphiteThe insertion ofl Li* into a Cs formula

unit (f.u.)results in the typicapecific capacity of 3¥mAh g? of negative electrode material

of



only half of the Li should be taken out from LiCofo maintain structual stability, providing
a specific capacity of40 mAh g of the positive electrodeé\ deeper charge othe LiCoO»
would resultin the removal of oxygen from the lattice, causing capacitinépdnd safety

concerns.

Due to the structai instability of LICoO» during deep charge as well as the high price
and toxicity of cobalt,alternative positive electrode candidateave beenproposed
Substitution of other transition metals on the Co sitéhefLiCoO: structurehas ledto the
studesof a variety of compouts, one of themog extensivelyinvestigated being LiMgCor-
2Nix02.1%:11 |n this material, Mn maintains its +4 oxidation state to provide additional
structurl stability, while Co decreases theation mixinglevel that results from similar sizes
between Li and NF*, ensuringa minimum amount ofmmobile Li* in the transition metal
layer. Electron transfer takes place baseddmi"** and Nf*#* redox couplesresulting in a
typical reversible capacity of 480 mAh g’. Spinel LiMneO;4 is another compoundf great
interest owing to itsthree dimensiong3D) ion pathwaysn the structure(Figure 1-1b) and
environmentally green compositiéf'® However, it suffers frona limited cycle life caused

by thedissolution of MA*.1

Iron-basedmaterials are more suitable for largeale production due to géhhigh
availability, low price, and low toxicityof Fe However,the LiCoO: iso-structured LiFe@
does notallow Li* extractionsince it is generally difficult to acce§s**. The F&** redox
couple, on the other hand, procesteo low a voltage foapositiveelectrodeThese problems
have led tdheconsequentesearh interest h polyanionbasedmaterials thahrecomposd of
(XO4)¥ groupsin the structure. Thetrong covalenK-O bond prevents O releasing from the

lattice andprovidesfurther structual stability, while the high electronegativity of X levels up



the redox voltage of transitiometal due to induive effect®In 1997, Goodenought al.
introduced the first polyaniehased positive electrode materigiFePQ.18 It forms in an
olivine structurewith 1D Li* tunnels Figure 1-1c). One Li/f.u. can be extracted from the
structure at 3.4 V (vs. Li), resulting in a specific capacity of 170 mAICgmpounds based
on alternative polyanion groups, such assBBiQs* and SQF*, have been extensively
synthesized and examined foribn intercalation since theri?° Silicates in particularhave
received great attention due to the abundant andman properties o8i. Stable capacitias
beenobtained for the lsPQu-type LioFeSiQ (Figure 1-1d) with 1 electrontransfer/f.u2:24

However, the material undergoes irreversible phase transformationtladtéirst cycle,

ALAA,

Figure 1-1. Crystal structures of (a) LiCaQ(b) LiMn2Os, (c) LiFePQ and (d) LiFeSiQ.
Color of eachatom is indicated by the label beside the structure.
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decreasing thdischage voltage from 3.1 V to 2.8.%? A more robust structure has to be used

for the silicatesn order to achieve a stable long term cycling.

Despite thethoroughinvestigationof electrode candidates for -ilon batteries, the
technologyas yetprovideslimited energy densitgnd at aelatively high price. Going beyond
Li-ion is necessary tachievepracticalusage for EVs or grid storageAmong thevarious
technologies, including Li-S batteries Li-O. batteries all solid state Li btteies Naion
batteries etc, magnesiunbatteresshow great potential heir history, current status, aseW

as difficulties will be discussed in detailtime following section.

1.3 Rechargeable Mg Batteries

1.3.1 Overview of Mg Batteries

Although the dendrite growth of Ionetalhinders its application in@racticalcell, the concept

of theutilization of metal negative electrodes still holds true for achieving batteriea igh

enegy density and lowost. Among the various candidates, batteries that use Mg metal as the
negative electrode are of special inter@dn addition toMgd s sirdbée electrochemical
properties, including a high volumetric specific capacity of 3833 mAH, low redox voltage

of -2.37 V (vs. S.H.E.), and the absence of dendrite growtiemtrochemicatlepositior?’?®

Mg metal is already a material of broad industrial interest offering good availability and safe
handling inthe ambient atmospher&oupling with an appropriate positive electrode and
electrolyte, a Mg battery system would offer high energy densityije mantaining

satisfactorysafety and low price.



Mg batteries functionn a similar manneto Li-ion cells Figure 1-2), except that
reversible Mg stripping and platinmstead of ion de/intercalatiotakes place at the negative
electrode surfacduring discharge and chargehe first Mg battery prototype was proposed
by Aurbachet al.in 2000%° Couplinga Mg negative electrode wita Chevrel phase (GP
MoeSs positive electrode and Mgrganohaloalumirtatype electrolytea specific capacity of
~ 75 mAh ¢ was obtained at an average voltage of 1.2Rgre 1-3). A variety of other
positive electrodeand electrolyte have beenested in Mg cedl since thenhowever limited
accomplishmemsthave beemchievedGreat challengestill remain inthe Mg battery research

due to thauniquechemical properties of thdivalentMg?* ion.

Figure 1-2. Schematic diagrams of the discharge (blue) and charge (red) processes iR
ion and (b) Mg cell.
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Figure 1-3. Electrochemistry of Mgts positive electrode tested with a Mg negative elec
and 0.25 M Mg(AICIBuEt) in THF electrolyte Reprinted with permissions from R&P.
Copyright 2000 Nature Publishing Group.

1.3.2 Positive Electrode Materials for Mg Batteries

The search for Mg insertion positive electrodmaterialsin fact started beforesur b ac h 6 s
work onthe CP. Simple oxide matetlis were of more interest thanlfides due to their higin
capacitiesand voltags, asis the casédor Li-ion positiveelectrodes. However, sluggish kig
diffusions were generallyobserved in solid lattices, leadingnouchpoorer electrochemical
performanc®f the electrodesompaedto those based do ™ intercalationIn order to improve

the kinetics, $rategies incluohg utilizing nanesized materials to decrease the ion diffusion
length, orinvolving solvent molecule# crystal structureso screen off the charge on fig

are often applied.



The layered \Os presentsa 2D ion pathway in its crystal structure and up to 3flui
can be inserte?f. However,ratherpoor electrochemicaperformance was obtained withe
bulk material inVig non-aqueous electrolyse Only at a temperature as high as 15@6ld
0.5 M¢?* beinserted into YOs ataslow rate yet withlimited reversibility andB00 mV higher
overpotential than the Li cagEigure 1-4).3> When the particle size decreasedtte 20-50
nm range, around80 mAh g! capacity was obtained, corresponding to the insertionéof 0.
Mg?*/f.u.23 Alternatively,athin film electrode with around 100 nm thickne$fereda capacity
of 150 mAh ¢ at room temperaturé.Neverthelessthe rather low current densities used in

thoseworksreflect the poor Mg diffusion inthestructureand hinder its practical application

Introducing molecular water inthe structure esults inanxerogelV20s, leading to an
improvementm Mg i nsertion kinetics cofWffahedadgert o t h

interlayer spacing expended by structural water provides larger space ¥odifgsion and
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Figure 1-4. Comparison of the discharge curves ofOV tested in 1 mol kg LiClO4 or
Mg(ClO4)2 in molten dimethyl sulfone electrolyte at 100 pA @naurrent density at 150 €
Reprinted with permissions from R&2. Copyright 1987 Elsevier B.V.
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the multivalent charge shielded by water moleced leading to a weaker interaction with the
oxygen ions irthelattice.Alternatively, adding water inttheelectrolyte also results in a better
rate capability, as seen fop®s3+442 as well as other oxides such as M&@nd MnQ.4+47
However, careful evaluation of the insertion mechanismeisessary to identify the My
contribution.For example, it has been shown thadton intercalation into M0s contributes to

the majority of the overall capacityith a high water level electrolyf&

Mg?* intercalationinto the layered MnQ from watercontaining electrgite has been
examined in detafl® Thehighest capacity of 230 mAh g* was obtainedit 100 mA ¢ current
density with an aqueows high water conterglectrolyte, showing superior insertion kinetics
The reversibleehange of interlayer distance akti>* deintercalationwas proven by Xray
diffraction andscanning transmission electron microscdpythe non-aqueous system, on the
other hangcapacitydropped tdoelow 60 mAh ¢ and not much changeas shown in Xray
diffraction patternThe resultslemonstrat¢hat the chargen M¢?* ionsis effectively screened
by the water inthe electrolyteas well asn the MnO; crystal structurgfacilitating theMg?*
intercalation(Figure 1-5a). A separad work studie the Mg?* insertion mechanism intthe
tunneled Mn@ and observet a conversion mechanism the non-aqueous electrolyt®. An
oxide layer o{Mg,Mn)O was formed on the surface of Ma@uring dischargéFigure 1-5b),
resulting in a fastlecayof capacity Although the necessity of using water limits the usage of
MnO: in a Mg full cell, such mechanism studies provide information orf*Ngsertion

behavors and would guideuture designsfahe system.
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Figure 1-5. Schematic diagrams of (a) ¥fgntercalation mechanism into layered Mni@m
agueous electrolyte and (b) conversion mechanism of tunnelec: fMo®@ nonaqueou
electrolyte. Reprinted with permissions from Ref6.and 49. Copyright 2015 Americe
Chemical Society and Copyright 2014 American Chemical Society.

While limited success has been achieved with oxides, extensive work has been done to
understand Mg insertioninto the CR so as to guide the selection and design of potential
candidatesln contrast to the strong ionic interaction that?Mexperiences in an oxide lattice,
which results in a high diffusion barrier, the softer and more covalent chai@fctatfide ions
allow fasterMg?* mobility in the structureIn addition,plenty ofnearbyempty sites, found in
the cavities between Mos blocks in the Chevrdhttice (Figure 1-6a), are available for ion
intercalation.The Mas clusters, at the same time, promésdeile local charge redistribution,

which is especially critical fathe diffusion of higly charged ion$n solid structure&®°?
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During the dischargeof MosSs, the first M¢f* inserts into the structure and occupies
one of the six degenerate sites in cavifyher siteyand gives riséo the firstdischargelateau
at 1.2 V. The next Mg occupies one of the two degenerate sites in caviiguger site)
resulting in the secondischargeplateau at 1 V. During charge, the Mat the outer sitecan
easily deintercalatdue to the repulsion between the inserted ions. The removal of the other
Mg?* at cavity 1,however is more difficult. Compaad to jumping between the two cavities
and diffusing through the structure, this #¥grefersto hopbetween the inner siteshich is

A Mo,T,

block g

Cavity 2

®-T(T=S, Se, Te) atoms o - center of cavity 1

@ - inner site

. - outer site /

Figure 1-6. (a) Crystal structure of the CPs showing thesMablocks and three caviti
available for ion insertion; (b) lllustration of the inner site in cavity 1 and outer site in ¢
for Mg?* diffusion in the CPs. Reprinted with permissions from F&&f. Copyright 200
American Chemical Society.
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only half adistanceandexperiencesess repulsion from the Mdeading to a circular motion
within cavity 1 (Figure 1-6b).>?> As a resultMg?* trapping is often observed ftine MosSs
positive electrode. Only at elevated temperatures can this effect be lmokiatfully

reversibleMg?* de/intercalations achievech®

Theiso-structured MeSe;, on the other hand, does not suffer fritracation trapping
effecteven at room temperatut&ln addition to thdarger unit cell andhigher polarizability
of the MosSe; structure the Mg?* siting behavior in the two cavities is different from bSa
so thatthe circular motion is no longer observeincethe activation barrier for the hop
between inner and outer sites is also lawigh Mg?* mobility is observed in M¢Bes.>®
Partially substitutinds with Se, which forms a M8 xSe solid solution,alsobenefits from
the Se. Despite the lower theoretical capacity due to theidre8e atom, the solid solution

presents a higher practical capacity thans®@t room temperaturé>’

Theconcept otheutilization of soft anions in the lattideas then beeapplied to other
materials. Certain electrochemical activities have been shown fer Ad®vever, a large
overpotential between charge and dischaxmgs presentand the capacity deceg rapidly
within thefirst few cycles(Figure 1-7).°® CuS*® and Co$° undergo conversion reactioim a
Mg cellso that theycle lifetends to béimited, while the reaction mechanismMbS, remains

unclear-64

Overall, theaccomplishment received in the researcpasitive electrode materials for
Mg batteries habeen limited Clear proof of Mg" intercalation haonly been shown for the
CPs while the factorshinderingMg?* insertion into other structures have not been fully
understoodThe dscovery of new positive electrodaadtheinvestigation oimechanisnare
bothimportantto promotethe techology towardspractical use.
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Figure 1-7. Voltage profiles of cubic TiS(c-TiSz) and layered TiS(l-TiS.) tested in BE!
electrolyte at 0.1 mA crhcurrent density and 602 Reprinted with permissions from F

58. Copyright 2007 Elsevier B.V.

1.3.3 Electrolytes for Mg Batteries

The low redox potential of Mg makes it prone to form an oxide layer on the surface by reacting
with Oz, H2O or certainelectrolyte species. This layer, unlike the one for Li which is a good
Li* conductorjis not permeable for Mg, so thatprevents facile Mg stripping and platifry.

Thus conventional solvest(carbonate, nitrile) and salts (Mg(TF5IMg(ClOa)2) cannot be

used for Mg electrolydue to the passivation layer thespuld form on the Mg met&P°®

The functional electrolytes mostly use ethttia@ do noteadilyreduce on M@sthe solvent

while a variety of salts have bemwvestigated
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ReversibleMg stripping/plating wadirst observed inthe electrolytecomposed of
Grignard reagent$’ which unfortunatelysuffers from low anodic stability angoor ionic
conductivity.Introducing a Lewis acid into the solution, which reacts with the Grignard reagent
through an acid-base reaction, improves the anodic stabiligf the electrolytewhile
maintainingeffective Mg stripping/plating. Different ambinations of the acid arlthsehave
beentestec’® The Mg organohaloaluminateomplexMg(AICIEtBu), (butyl ethyl complex,
BEC) generated fromBuxMg and AICbELt in-situ in THF showed a coulombicefficiency of
almost100% with> 2.1V (vs. Mg)anodic stabilityFigure 1-8a).%%7° Further modificatiorof
theelectrolyte resuéidfrom the replacement ahealkyl group with phenyl so as to avail
eliminationreactionwhich is the major limitation upon oxidatioh thusimproving the stable
window up to 3.3 (vs. Mg)in theso-calledall-phenyl complex (APC) electrolyi@igure
1-8a).”2 At the same timghe synthesiseactionbecamanilder with PhMgCl and AIC4 as the
precursorsThedendritefree Mg deposition from both BEC and APC waonfirmed bySEM
as shown irFigure 1-8b. By replacing the phenyl group wittexamethyldisilazidéHMDS),
the nucleophilicity of the electrolytan beeducedallowingthe utilization of a sulfur positive

electrodefor Mg batteries’

Later on, an electrolyte made from inorganic salt anMgCl> and AICk T showed
reversible Mg stripping/platingt > 99%coulombicefficiency and providgéan anodic stability
of 3.1 V(vs. Mg).”* The active species MACC was identifiecdto beMgz(u-Cl)STHF, "> the
same as in the Lewis acithse electrolyte®. A conditioning process vearequired tanitiate
the electrolyte activity®>’® however it was shownrecently thatCrCls can be used as the

promoterso thatconditioning is not necessafy.
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Figure 1-8. (a) Cyclicvoltammograms of 0.25 M BEC and 0.4 M APC electrolytes mea
with Pt electrodes at 25 mV*s(b) SEM images of Mg deposited on Cu electrode at 2 n.
2 current density with a total charge of 2.8 Q%rmehowing dendrite free growtReprinte:
with pemissions from Ref72. Copyright 2007 The Electrochemical Society.
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In 2015, the Toyota group developed halidefree single salt Mg(CB11H12)2
(monocarboraneMMC), for Mg electrolyte’® The best electrochemistry was obtained with
tetraglyme(G4) as thesolvent showinga superioranodic stability of 3.8 V (vs. Mg) with
coulombicefficiency of >99%.A uniquefeatureof this electrolyte is its nenorrosive nature
MMC is stable with AlNi, stainless steel, glassy carbon and Pt above Biguie 1-9), on
the contrary to st chlorine containing electrolyteghich offer > 3 V anodic stabilitypnly
with a Ptelectrodebut < 2V against stainless steel or Alhis allowsa convenientest for
high voltage positive electrodén coin cells made from stainless steel far practical use
where the easily shaped Al coramy functionsas the current collectoOther single salts,
suchMg(PRs)2’°a n d M g-cyblopsn(adienyl§? have beestudiedater on suggestinghe

promiseof the utilization ofsimple salin Mg battery electrolytes
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Figure 1-9. Linear seepvoltammograms of 0.75 M MMC/G4 electrolyte with differ
electrodes at 5 mV'qinset: chronoamaperometry of the electrolyte on a 316SS electrc

V and 3.5 V) Reprinted with permissions from R&B. Copyright 2015 WILEYVCH Verlac
GmbH & Co. KGaA, Weinheim.
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1.3.4 Desolvation at Interphase

Although it has been observed that electragftectthe electrode electrochemistry, not much
attention waspaid to this influenceuntil a recent calculatiorby Wan et al. showing the
important role thaMg desolvationplays in the Mg intercalation inthosSs from the APC
electrolyte During dischargethe Mg side of the MgCI* speciesfrom the electrolyte
approaches the exposed S of thesB4surface while the Cl is absorbed ta neighboring Mo
center Such interactiorfacilitates the Mg-Cl bond breakingprocedureand allavs the
subsequenmg diffusion into the bulk The CI left on the surfaceaninteract with the next
MgCI* to form MgCb, which would then return to the electrolyte and frgethe Mo site for
continuous stripping of Cl from M@I (Figure 1-10).8 The overallprocess is critical for the
facile Mg?* intercalation into solid latticelsom the APC electrolytesince the strong ionic Mg
Cl bond would prevenMg?* from desolvation This could well be the reason for the poor
electrochemical performance of many positive electrode materigle APC type electrolyte.
Even with norAPC electrolyts, the high charge on Mg ionaould lead to a stronger

interaction with the anion or solvent reoliles in electrolyte compadto monovalent ions

® v ® v @® Mg,Cl, Oligomerization/
@0@ Precipitation
@

J \@
l dMgCltj \\ MgCl.
adsorption \ desorptlon

e —

M0688 Chevrel phase
Mg intercalation Mg intercalation cathode surface

Figure 1-10. Schematic Diagram of APC desolvation process as8urface. Reprinte
with permissions from Re81. Copyright 2015 American Chemical Society.
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hindering the intercalation proces3hus, ion dissociation at the electrode/electrolyte
interphaselaysa role asmportantas bulk solid diffusionri determining the ektrochemistry
of a multivalent ckt. Nevertheless, ore experimental and theoretical investigationsséte

necessary to study further details.

1.3.5 Integration into a Full Cell

Up todate, the APC type electrolyte has besed as a standard electrolyte for testing new
positive electrodedue to its excellent electrochemistjth a Mg negative electrode as well
as the relatively low price and ease of synthesis. However, thenghlonis make it highly
corrosive tevardsoxide materialas well as theommon current collectors such as riess
steel and Al at high voltages. As a result téstinghigh voltage oxide materialanelectrolyte

that could notstrip/plate Mg has to beused ina half cell, usually with a high surface
supercapacitivearbon counter electrod&his thenraisesthe question of whethex similar
result could be obtained with a different electrolyte thhysotheticdly compatible with both
high voltage oxide and Mg;onsidering the important role that desolvation plays at the
interphaseln paralle| studies omew electrolyte mostly focus ortheperformancegainsthe

Mg electrode, whildess care is takeon the positive electrode sidén integration ofa full

cell is difficult in the present circumstances due to the limited functional electrodes and
electolytes; reverthelesssuch studies ameecessary in order to move forward in this research

field andachieveany practical usage of a Mg battery.

1.4 Rechargeable Mg-Li Hybrid Batteries

Since much difficulty has been experienced with thé*Mglid diffusion,a possible solution

to completely avoiduch process while maintaining the benefits of a Mg negative elecsrode
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the utilization ofa Mg-Li hybrid battery With a Mg-Li dual salt electrolyteisedin the hybrid

cell, a fast ionic transport is achieved ihet positive electrodéhrough reversibleLi®
intercalationowing to its superior mobility in solid structures compared tadtiia@lent M,
while Mg stripping/plating ta#s place at the negative electrode due to its higher redox
potential ¢2.37 V vs. S.H.E.) than tiLi° (-3.04 V vs. S.H.E.¥? Although a recent study
interestingly showed that a Mg rich Mg alloy was produced at a similar voltage to Mg metal,
suggesting tht codeposition occurred in theMg(BH.)2-LiBH4 dual salt electrolyt&® the
main advantagesf a Mg negative electrode maintained as long as the electrodeposition is

dendritefree.

Owing to the limited electrochemical window imposed by the cell dgsighV vs.
Mg in coin cells)/research on hybrid systems has been carried out using low voltage materials
such as MeSs, TiS, TiO,, LiaTisOr2, or FeS,24*° so that the energy density was limited.
Nevertheless, enodification of the cell desigremployinga molybdenum component on the
positive sideincreased the electrochemical window of the APC electrolyte above £.8 V.
High voltagepositive electrode materials able to survive highly chlorinated environments are

thusneededin orcer to exploit this breakthrough.

1.5 Summary

The Li-ion technologydominatesthe present commercial high energy density rechargeable
batteriesand prowdes a pesible solution to minimize thsocietyreliance on fossil fuels
Howevae, further improvement is necessary for practical applicaiioiEVsandgrid storage.

In addition to themodification on thecurrentLi-ion systemtheresearclo f beyiond Liono

provides more possibilities towards a high energy storage system. The rechargeable Mg battery
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is one of the promising candidatésough the utilization of a Mg metal negative electrode
With the first prototype proposed in 2000, its developni@sinot beenas fast ashe Li-ion
technology howevermainly due to thedditionaldifficulties risen from adivalent Mg’* ion.
Sluggish solid diffusion is observed in many structures, limiting the available candidates for
positive electrode matergwhile facile stripping/plating can be realizenly on a passivation

film free Mg surface, eliminatinthe usage omany conventioal sals and solverg thatare
readily reduced by Mg from electrolgd he strong ion pairing of Mg in electrolytes resuts

in an additionalfactor of desolvationwhich must beovercome beforés intercalaton into

positive electrode

While finding a practicatechargeablé/g battery is the final goal of the field, it is
importantcurrentlyto achieve a deepemderstanding othe chemistryand electrochemistry
of Mg. Detailed investigatianof Mg solid diffusionbehaviorsshouldbe carried oubn the
structures allowing facile Mg migration as well as those with high diffusion barnessder
to provide information on the selection and design of solid structures for Mg positive electrode
At the same time,»x@mination of different electrolytes with a functional positive electrode
would helpto gaina deeper understanding of the desolvation [saed todeterminesuitable
electrodeelectrolyte combinationsThe knowledge obtained through those studies would
providean easiepathway towards the discovery of high energy density Mg battery system
Alternative solutions, such as the utilizatiorMd-Li hybrid cells in order to avoid the sluggish

Mg?* diffusion, also show potential®r high energy storageystems
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1.6 Scope of the Thesis

This thesisdeals with the synthesis, characterization, electrochemical tests and mechanism
studies of novepositive materials for rechargeable batteries, including Mg batteryl.iMg
hybrid battery, and Lion battery. Severhaptersare included Chapter 1 gives a general
introductionof the energy storage systems, including the stktee-art Li-ion techmlogy and

Mg battery as one of the promisiripeyond Liiond candidates. The development and
difficulties of the Mg research are discussed. Chapter 2 describes the synthesis and
characterization techniques used during the studies of this thesisRaotlafthis chapters

reproducedvith permissiorfrom:

Talaie, E.; Bonnick, P.; Sun, X.; Pang, Q.; Liang, X.; Nazar, M&thodsand Protocols for
Electrochemical Energy Storage Materials Resedttiem. Mater2017 29, 90-105. DOI:

10.1021/acs.chemmater.6b0272®pyright 2016: American Chemical Society.

Chapter 3 shows the spinel and layered structures of titanium sulfide as novel Mg
intercalation positive electrodes. Even wttie micron-sizedmaterial, both polymorphs show
high cgacities and good kinetics upon Mg insertion. The capacity retention could be further
improved by applying nansized particles abepositive electrode materials. The detailed Mg
de/intercalation mechanisms are investigatediggesting thegreat influene of crystal
structurs on Mg diffusions in solid lattices. Wle only the Chevrel family has been
previouslyproven to allow Mg intercalation, the two titanium sulfideenstitutethe available
candidates for Mg battery positive electrode materialgedisas the platforms for mechanism
studies. Theesultshave been publisheid the following studiesand are reproduced with

permission
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Sun, X.; Bonnick, P.puffort, V.; Liu, M.; Rong, Z.; Persson, K. A.; Ceder, G.; Nazar, L. F.
A High Capacity Thiospinel Cathode for Mg BatteriEsergy Environ. Scik016 9, 2273

2277. DOI: 10.1039/c6ee00724Copyright 2016: The Royal Society of Chemistry.

Sun, X.; Bonnick, P.; Bzar, L. F. Layered TiSPositive Electrode for Mg BatterieACS
Energy Lett. 2016 1, 297301 DOI: 10.1021/acsenergylett.6b0014&0pyright 2016:

American Chemical Society.

Chapter 4nvestigateghe limiting factors for M§" intercalation into oxide materials.
Usingthelayered MnQ positive electrode, the critical role of Kfgon pairing in electrolyte
and desolvation at the electrode/electrolyte interphase on the insertion mechanisms is identified
The worksuggest thatthe electrolyteneeds to be carefullselecedin orderto couplewith
the specific electrode. On the other hand, layered\WdgOs shows the importance of the
transition state geometry on the energy barrier fof Mgfusion in solid lattices so thatthe
investigation ofion pathways and intermediate stteordinatios would potentially help
screeroff high diffusion barrier structure¥hese resulttave been published the following

studiesand are reproduced with permission

Sun, X.;Duffort, V.; Mehdi, B. L.; Browning, N. D.; Nazar, L. F. Investigation of the
Mechanism of Mg Insertion in Birnessite in Nonaqueous and Aqueous Rechargealae Mg
BatteriesChem. Mater2016 28, 534542 DOI: 10.1021/acs.chemmater.5b03988pyright

2015: AmericanChemical Society.

Gautam, G. S.; Sun, XDQuffort, V.; Nazar, L. F.; Ceder, G. Impact of Intermediate Sites on
Bulk Diffusion Barriers: Mg Intercalation in Miy1030s. J. Mater. ChemA 2016 4, 17643

17648 DOI: 10.1039/c6ta07804c€opyright 2016: The Royal Society of Chemistry.
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Chapter 5 is a study oNlg-Li hybrid cells. The dlization of Mg-Li dual salt
electrolytes allows facile LI intercalation into the positive electrode structure while
maintaining the advantages of a Mg atge electrodeUsingthe high voltage Prussian blue
analoguesas positive electrodes, the hybrid cells show stable capacity retention up to 300
cycles. The detailed Lintercalation mechanism is studied dhéinfluence of structural water

is shown.The results have been publishadhe following study

Sun, X.;Duffort, V.; Nazar, L. F. Prussian Blue Mg Hybrid Batteries.Adv. Sci.2016 3,
201600044DOI: 10.1002/advs.20160004@0pyright 2016 WILEY -VCH Verlag GmbH &

Co. KGaA, WeinheimReproducedvith permission.

Chapter 6 studies the possibility of stabilizing transition metal into an olivine silicat
structure, which would be used as high capacitylawdrice positive electrode materials for
Li-ion batteries. Using LilnSiQand LiScSiQ olivines as the parent structigecombined
atomistic scale simulation and solid state synthesis are used to evaluate the posdiijty of
Fe and Co substitutienA certain degreef Co substitution can be achievado LilnSiOsa,
induced bythe additioml entropy obtained by cation disordering and the formaticsold

solutiors.

The final chapr summarizes the work of the entiteesisand propose potential

further directions of the correlateesearch field
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Chapter 2

Met hods and Techniques

2.1 Overview

In the study of electrode materiats this thesis workit is first necessary to synthesize the
compound withthe desired crystal structure and morphology. Thigs done by either
following available synthesis procedure or testing aunew method. Various ythesis
techniques, including solid state synthesis, sygtthesisand hydrothermal synthesiwere
appliedfor differentpurpose. The materia obtainedwerethen characterized to ensuhey
werethe desired produstX-ray diffraction (XRD) and neutron diffraction (ND)erecarried
outin conjunction with Rietveld refinemefito study the crystal struat of the compound
Scanningelectron microscopy (SEM) and transmission electron microscopy (he\tled
the morplology of the particlesTheenergy dispersive Xay spectroscopy (EDXyas coupled
with an SEMto performelemental analysis for the particles within the microscope visien. X
ray photoelectron spectroscopy (XPS) anda} absorption near edge structure (Y&S)
were used to study thexidation state of the elements neathe surfaceor in the bulk of
particles, respectively. Fourier traform infrared spectroscopy () was appliedo achieve
the chemical bond informatianThermal gravimetric analysiSTGA) providedthe thermal
stability of a compound, and combustion analysis redtthle concentrations of hydrogen,
carbonandnitrogen. KarlFischer titrationwastakento measuréhe water content in a solution

with low water level.

Once the desired product weanfirmed its electrochemical properties were tested by

galvanostatic cycling or cyclic voltammetryCV). In-situ or exsitu (postcycling)
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characterizations, using some of the above techniques, were sometimes carricaioythe s

mechanisms during electrochemical processes.

2.2 Synthesis Techniques

2.2.1 Solid State Synthesis

Solid state synthesis involvéise mixing of precursors followed by a heat treatment. At high
temperature, the atoms gain enough thermal energjpwdy re-arrangethemselves and form

the most thermodynamically stable produdike heat treatment can be carried out under
atmospheren a muffle furnace if the materiadse not aksensitive, or by applying a flow of

gas in a tube furnace for air sensitsygthesisor if the gagtself is involved in thereaction

The precursorgan also be sealed in a quartz tube under vacuum if no gas product is formed

during the synthesis.

Since solid mixing createsnly limited interaction surfaces between different
precursorsthe number of nucleation sites is low. Thus, solid state synthesis usually requires
long reactiorperiodsand results itargeparticles One way to decrease the particle size of the
product is tamprove the mixing level of the precursansorder togeneratanore nucleation
sites. This can be done hysolgel synthesis, which involves the dissolution of all precursors
in a solution followed byhe evaporation of the solvent, resolj in the mixing of precursors
in a moleculatevel. However, it is imprtant that the solvemtrovidesimilar solubility for all

precursorsothat they all precipitate out onsamilar time scale.

A thorough mixing of the precurssxzan also be carried out byechanicaball milling.
The patrticlesize of precursors is reduced and particles are pressed together at the same time as

the mixing.Ball milling are alsoapplied to the produdb reducethe particle size The ball
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milling conditions, including time and speed, should be optimized to prtwd®ost efficient
milling. In addition, snaller grinding ballsesultin smaller sizd particles. Increasinthe ball

to powder weight rati@lso reducethe particle size; however, a minimum amount of powder
is required so thahe jar andballs do not grind against each otlaedintroduce impurities.
When milling hard compounds, the material of the jar and balls should beavdl| for
exampleZrO, or stainless steel. On the contrary, soft materials sugblgetrafluoroethylene
(PTFE) areused for ball milling soft particleé\ solventis sometimesdded to the mixturier

wet milling.

2.2.2 Wet Synthesis

In contrast to solid state synthesis, a solvent is used as reaction mediator for wet synthesis
where he precursors are dissolved and migea molecular/ionic levelA specal type of wet
synthesis is the hydrothermal/solvothermal reactid@y sealing the solution in an autoclave,

the temperature of the reaction can be raised above the boiling pthetsiflvent, providing

a high-pressurecondition for the synthesi§ince heion diffusiorsin liquid phase aremuch

faster than solid phasewet synthesican becarried outat a much lower temperature and
shorter periodhan solid state reactiomgpically. This results in a smaller particle siZéhe
specific morphology of the product can even be controlled by modifying the synthesis
conditions such as solventpncentrationand temperatureln addition, he wet synthesis
undergoes anore kineticdriven pathway allowing to obtain metatable phases that cannot

be synthesized vidhethermodynamics driven solid state reactions.

After the reaction is finished, the solid product is collected by filtration and subsequent

washing with solvents to reme any side produst
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2.2.3 Chemical Oxidation

A mobile cationcan be removed from solid structure while another ion is oxidized to balance
the chargewith the lattice framework maintained. This is a similar prodessharging a
positive electrode material, but the electron is released to an oxidizing agent insteadtef
circuit. Such method allows the synthesisrdtastablephass or the examination ofation
mobility in solid structurs in order to studytheir potential usageas electrode matergl
Conventional oxidizing agents include bEF4, Br. and b, with a decrease of oxidizing
strength in the ordeA suitableagent should be chosen so as not to-oxatize the material.

Acetonitrile is usually used as the solvdoe to its high anodic stability.

A chemicaloxidation reaction is carried out by adding the starting material to a solution
with an excessf oxidizing agent to ensure complete oxidation. After stirfimga few days
at room or elevated temperatsirédhe oxidized product is recovered by filtration. All
procedures should be carried out under inert atmosphang icomponent of the reactios i

air ¥nsitive.

2.3 Diffraction Techniques

2.3.1 Powder X-Ray Diffraction

X-ray is a part of the electromagnetic radiation. The wavelengthrafX0.01 to 10 nm, is in

the same range as the atomic distance in a crystal, so that it will be diffracted &yahted
atomplanes A constructive interference will happen if the diffracted beams aphase As
illustrated inFigure 2-1, such diffraction requiresthnenci dent beam angl e

and crystal plane spacing (d)datisfythe following relationship

ne=2dtsind (n = integer) Equation 2-1
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which isknownasB r a glayvoThis gives rise to a peak in the diffraction pattern.

0,0

“2

I12A = d-sin@

Figure 2-1. Schematid i agr am of. Braggdbés | aw

Since Xrayis actuallyscatteredy the electron clouds around the atoms, thensity
of the diffraction beam directlgorelates to the numbemd position of electrons, thus the

specific atomsin fact, the structure factoF) of a reflection can be calculated by
Fra= figxp[ 2(hx + ky +1z)] Equation 2-2

where [kl) is the Miller index of the planex,§,z) is the coordinates of the atom and the
atomic scattering factor that is dependent on the atom type as well as the scattering angle. The

intensity of the peak is related to tsteucture factovia the following equation
| = A-F? Equation 2-3

whereA includes other factors such as polarizati@nsorptionand temperaturéds a result

the XRD patterncould be used to evaluatee crystal structurénformation.

Sincethe directions otrystal planesre 3D, he diffraction beams #y resultin are

going towards all the directiombeyingBr aggdés | aw. In order to col

29



of a single crystal, the crystal has to be rotated if the detector only moves in 2D. This is not
necessary for a powder sample, however, since the powder contains millions of ssigls cry

that ae randomlyoriedd and can |(o&tingthenaeivesalkadp s A

Figure 2-2a shows the scheme of the BraBgentano geometry, which is the sto
commonly used setup for a laboratory diffractomeftee powdesamplels mounted on a flat
holder, with theX-ray source and detector movirtla n ddegdees with respect thesample
stage plandn this circumstance, the diffractisfrom the crystal planes parallel to the sample
stage wil reach the detector and result diffraction signal. Ithe sample is randomly oriesd,
which is true ingeneralcase, the possibility of being parallel is the same for all the crystal
planes.However, crystals witlspecial shapewould resultin a preferred orientation during
sample preparatiorzor example, platelet crystals tend to lay on the sample stage instead of
standing perpendicularly. As a result, the detector will obtain more diéfrastgnal from
certain planes than the resthich affects thentensites This effect should be taken care of

when refining the crystal structure.

An alternative geometry thavould removethe preferred orientation issue is the
DebyeScherrer geometrgFigure 2-2b). In this casethe powder sample is mounted into a
glass capillarywhich is rotated while the -Xay source and detectormovéée and d degr ee
Such setup also benefits the measurementsif@ensitive samples by sealing the powder in
acapillary undeinertatmosphereTheDebyeScherrer is a type of transmissigeometryso
that X-ray has to go through the sample and the signal it obtains is normally loweh¢han
BraggBrentanovhich works on reflection. In the conventionaR®s carried out in this thesis

work, the BraggBrentano geometry was used for air stable sasnpihde the DebyeScherrer
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was used for air sensitive sampléMeasurements were performed with a PANalytical
Empyrean iffractometer withCeK U r adi at i on.

Bragg-Brentano geometry b Debye-Scherrer geometry

o & ; & :

X-ray
source _Detector ) rce " Detector

'

\
1
1

|

|

1
1
!

A
Rotating capillary

~
-

Figure 2-2. Schematiaiagrams of (a) Braggrentano and (b) Deby®&cherrer geometries

In addition tosteadystatemeasurementsn-situ XRD can also be carriedut with
laboratory diffractometer. Witkthe sample mounted to a sealed chambwsgrmodiffraction
can be performed by heating tie sample stagehile scansaretakensimultaneously. It
provides a faster clue on the reactitimat happens atertaintemperature Alternatively,in-
situ XRD can also be coupled wmitelectrochemical measuremenssiowingthe reattime

information of the electrode material during cyclifitne in-situ cell used in this thesis work

wasmade by Dr. Victor Dffort.

Synchrotrorradiation comes from the electromagnetic field given out by the centripetal
accelerated high energy electrombis results in a much more intensalallimated signal
comparedo laboratory Xray sources which generaterXy by the photoelexin effect of a
metal target hit by electrons. Thus, synchrotron XRD (SXRD) gives a better res@ntion
signal to noise ratio, revealing more details of crystal structure information. The SXRD
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measurements in this thesis wavkre carried out athe Advanced Photon SourddPS) at

Argonne National Laborator§ANL).

2.3.2 Time-of-Flight Neutron Diffraction

Due to the wawparticle duality of elementary particles, a beam of nesthas the character

of wave and can also be diffr aclnike X-tays, at omi c
neutrons interact with the nuciginstead ofthe electrons of the atom, resulting in different
scattering factorsThus ND and XRD anbe usedogetherto obtainmore completeatomic
information. For example, XRD cannot distinguish between Fe and Co since they only differ
by one electron, buheir neutron scattering lengths are 9fdband 2.78m, respectivelyso

that they can beeasilyresolved by NDND is also better for light elements whose XRD
scattering factors are low duettee smallamount of electronsvhile XRD has to be used for
studying vanadium which is almost transparenheéaotrors. In addition,the peak intensity
decay ahigh scattering angsen ND is much smaller than in XRBue tothe smallervolume

of a nucleus thaan electron cloudThus, NDprovides clearerinformation on small €pacing

planes.

The Time-of-Flight (TOF) methodis one of theconventionalapproachegor ND.
Instead of fixingga N d ¢ h animXRD,dpediffraction anglds fixedwhile neutrons with
various wavelengths are applied to the danimpT OF ND. The time (t)a neutroriakesto reach
the detector is recordeshd converted to itpeed (vVy L/t, where L is the distance the neutron

travels. The speed is related to wavelength, as stated in de Broglie equation:

&= h/mv Equation 2-4
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where h is the Pl anckoftheneutrans t Ganrmhb iamidn gn wist ht

law, this results in
a=h/mv=ht/mL=2Lsi nd Equation 2-5

so thatd-spacing is obtainedl'he resolution and signal to noise ratio of the pattern can be

optimized bychanginghe scattering angle.

The TOFND measurements in this thesis work were performed in Oak Ridge National

Laboratory(ORNL) by Dr. Ashfia Huq

2.3.3 Rietveld Refinement

Rietveld refinementidentified byits name, is used to refine instead of to solve a structure. A
starting module should be givém start with which issubsequentlyefined to minimize the

leastsquares between experimental and calculated data:
xWi[yi(obs)i yi(calc)? Equation 2-6

Each data point of the diffraction pattern is calculated individuallgxtract themaximum
information Although peak overlap happens frequently for powder diffrastidhe

contribution from eacheak can still be separated due to their specific profiles

For practical refinemestit is convenient to apply a Le Bail ¥iton the pattern first.
This method assigns intensities to all the peakematicallyin order to obtairthe besfit. It
allowsa focus on lattice parameters and peak profiles valdmicinformationis left behind
Background, sample displacement, lattice parameters and peak broaderefiged in order.
Once a satisictoryfit is obtained, those parameters are fixed ande¢firement is switched

to the Rietveld mode Scale factors, atomic positions, occupancies, thermal parameters, and
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preferred orientation if any are refined subsequeAllythe parameterarerelaxedin the end
to perform a complete refinement. If mor@rhone phase is present, Rietveld refinement also

results in a ratio between different components.

A simple judgement on how well the refined result matches with the actual structure is
to look at the actual fit of the pattern. While this method is rahatrary, a few agreement

factors are used:

Rw = {Wiyi(obs)i yi(calc)P / x wiyi(obsf}Y? x100% Equation 2-7
Rexp = {(N-P+C) /xwiyi(obs¥} 2 x100% Equation 2-8
(N = number of observations, P = parameter refined, C = number of constraints)
& = (Rwp/Rexp)? Equation 2-9
Reragg= YolT lcab /  lpd Equation 2-10

Thed? factor isoften reported amweightedprofile factor, andheRsragg(Bragg factor) reflects

the fit of structural parameterstiv profile parameters omitted.

The refinements in this thesiork were carried out with the FullProf siit¢Chapter

3, Chapter 4Chapter % or GSAS and EXPGUIGhapter $.%5 °7

2.4 Electron Microscopy

Electron microscop provides the highresolution images of a specimen. Electrons are
produed at the top of the microsa@and accelerated by the potential drop along the pathway
towardsthe specimenA typical accelerating voltage &~20kV usedin SEM resultsin
electron beamwith 5 ~ 20keV energy, 010.06 ~ 0.25nm wavelength The much korter

wavelength osuchelectron beam compead with visible light (400 ~ 700 nm)as well as the
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improvedprobe focus that results, allows SEM to achiemiahbetter resolution than optical
microscopesTEM uses even larger accelerating volsagkl100 ~ 400 kV, further impramg

the resolution.

When electron bearlustrates ora specimen, the interaction volume forms a teardrop
shape Figure 2-3a). A few everis would take place. Loosely limd electronsareejectedoy
collisions with incoming electrons and form secondary electr(8Ii§ Figure 2-3b). Their
energies are typicallpw, so that onlythosenear the surface t¢ifie specimer(~ 10 nm depth)
are able to reach the detector on (8gM caseWwhile deepepnesareabsorledon ther way
out. Thus, the volume width &Eis close to the spot size of the beam, providing good spatial

resolution and is commonly used for image formation.

At the same timdhe incident electrons are elasticaltattered by the specimd@rhose
with ascattering angle > 90°are calldahckscattereélectrong BSE, Figure 2-3b). Heavier

elements scatter more strongly than lighter ptiess, he BSE provide information about

a . b
le beam incident e-
spot size L_ BSE ) R
| | ¢
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X-ray
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/
\

Figure 2-3. Schematic diagrams of (a) teardrop shape of the interaction volume in Si
(b) different types of interaction betwettreincident electron beam and specimen.
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chemical contrast (£ontrast) With larger energsthan SEdeepeBSE(1 ~ 3 um depth)an
be measuredy the detectoas well However, die to the teardrop shape of the interaction

volume, the spatial resolution of the image formed by BSE is worse

When a core electron is ejected, an electron from the outer shédlllwgl orbital and
X-ray is emitted(Figure 2-3b). The energy of this Xay is related to the orbital energy
difference and can be used to identify the specific eleménis, EDX is normally coupled
with an SEMto study the chemical composition of the specinfdre X-ray emitted from the

entire interaction volume will be detected, so that its spatial resolution is similar to BSE.

Theincident electronsvould also interact with the sample to form photanslAuger
electrons which find their usages icathodoluminescenand Auger electron spectroscopy

respectively

If the conductivity of the specimen is not good, electrons will accumulate and the
surface beames charged (bright theimagg. This further repels the incident beam and causes
image distortion. As a result, a conductive coatimagmallyAu, isrequired fomon-conductive

samples.

With thin sample and high energy electron begnthe incident edctrons will pass
through the specimen. This is the case for TEM. In addition to the higher resolution image,
TEM also provides higher resolution for EDX since the interaction volume is only the neck
part of the teardrop in a thin specimdime electronsvould alsobe diffracted by the lattice
planes, whictiinds usen the electron diffraction techniquBesides, lie electronsvould lose

energy by colliding and ejecting bonded electr@figure 2-3b). This energy losollected
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by EELS can beused to studyhe ionization energy, bonding state, oxidation statepétbe

elemengin the specimen

In this thesis work, the morphological and elemeatalysis of the materials was
examined with Zeiss Ultra or LEO 1530 field emission SEM equipped with an EDX. TEM
images were obtained on a Zeiss Libra 200MC TEM by Dr. Yan Wiardfprt. High-
resolution TEM (HRTEM) images and EELS were obtained with FEIANT80-300 eV
TEM/STEM operated at 300 k¥t Pacific Northwest National Laborato()?’NNL). The
microscope was outfitted with a spherical aberration corrector for the-foohag lens,
enabling subAngstrom resolution in the TEM and STEM mode. The elecéoergy loss
spectra were acquired with a monochromated electron gun, providing chemical and electronic
structure analysis with atomic level resolution measuremditis. experiments and data

analysis were carried oby Drs. B. Layla Mehdi and Nigel D. Buning.

2.5 X-Ray Photoelectron Spectroscopy

XPS is a surface sensitive technique and characterizes the oxidation states of elements in the
specimen. By illustrating Xay on the specimen, electrons aneitteed due tophotoelectric
effect. The binding energy of sugbhotcelectrons, related to thenergy of the origin orbital
thus thebonding environment of the elemtecan be calculated from th&inetic energy that

is measured by the detector:
Ebinding = Ephoton| Exinetic T ¢ Equation 2-11

where « is thework function.Once photoelectrons are produced, they would interact with the
surrounding material and get absorb@dly those near the surface are able to escape from the

sample and reach the deteciiorspite thatX-ray beam can penetrate ~ 1 mm down in the
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speimen to produce photoelectroishus, XPSprovides information on the elements at 1 ~

10 nm depth of the spiecen.

When a photoelectron is emitted from the p orbital of an element containing unpaired
d electros, the unpaired electresrfirom either orbital will couple with each other, resulting in
multiple final states. This gives risertaultipletsin the XPS spectrum and allowsdistinguish
amongthe compoundsvith elements atthe same oxidation statdsing this principle, the Mn

2p spectra were used to identify the manganese specdmpier 4

The XPS measurements werarried out on a Thermo VG Scientific ESCALab 250

instrument. Spectra were processed using Gaussiemtzianfunctions and a Shirletype

background with CasaXP®ftware andeferenced to adventitious carbon at 285.0 eV.

2.6 X-Ray Absorption Near Edge Spectroscopy

XANES also studies thexidationstates of elements but it provides inforrii@an of the bulk
material. When a specimenilisistrated by Xray, a core eleabnwould absorbthe X-ray and
getexcited to amnoccupied orbitaleavinga hole on the core orbitalhisis a highly unstable
state so thatelectron from higher energy level is relaxed to fill the hadét after together
with a fluorescence oX-ray. The energies oboth the absorbed antthe fluorescent Xray
reveal theorbitalenerges anccan be measured lagransmissiommodeor a fluorescence mode
of XANES, respectiely. The spectra are then used to sttliyoxidation states anbonding

envronmens of the elements.

In this thesis work, XANES measurements were performed at the sdgkdrB® at the
APS using a Si(111) crystal monochromator. The spectra were normalized to unity absorption

well above the edge after a linear backgrosntitraction with Demeter softwaf®Data
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acquisition and analysis were carried out with the béprs. Mahalingam Balasubramanian

Marine Cuisinier, and Guerman Popov

2.7 Fourier Transform Infrared Spectroscopy

FTIR determines the vibration enexg of chemcal bonds in thematerial allowing the
identification ofbondtypes. Samplesn the forns of solid, liquid or gas can all be measured.
In this thesis work, solid FTIR was carried out. Haenple waground with 100 € vacuum
dried KBrand pressed inta pelletin an Arfilled glovebox The spectra were recordeda
Bruker Tensor infrared spectrometer under a diffdWv. The kackgroundscanwasperformed

with bare KBr, the signadf which wassubtracted from the spectrath the samples.

2.8 Thermal Analysis

TGA is carried out by heatingp a small amount of sample at certain rates and recpttte

weight changewith temperaturelt is often coupld with a differential scanning calorimetry
(DSC)thatmeasurs the heat flow in the system. They result in tlerral stability as well as
the phase transformah temperaturgof the materiand are alsaised to track the reacting
temperature of a mixture. In this thesis worklGA and DSC were performed with TA

Instruments SDT Q600 under a flow of dry air et N

2.9 Combustion Analysis

When a material contains C, N or H, it will produceCR, and HBO upon combustion. By
measuring the weight of initial material atiet amount of evolvingyasesthe percentages of

the corresponding elements can be calculated, pnogidiclue to the unknown composition.
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In this thesis work, combustion analysis was carried out on a 4010 Elemental Analyzer with

the assistance of William Mark.

2.10 Karl Fischer Titration

In nonaqueous battery systems, the amount of wateela@ntrolyte is critical to the
electrochemical performance so that should be carefully evaluMi¢id.couometric Karl
Fischerandysis, water content between 1 ppm to 5% can be accurately determirestitrator

constructf an electrolytic cellThe working priiple is based on the followirrgaction
ROH + SGQ + 3 RN + b + H0 = (RNH)SO4R + 2(RNH)I Equation 2-12

During the measurement, generatedrom the electrochemical oxidation ¢fat the anode
reactswith water, while RNH is reduced to form RN andatit the cathode. The amount of

water is @lculatedrrom the electrons passing through the electrolytic cell.

In the thesis work, the water conteimt nonAPC based nonaqueous electrodyieere
determined by Karl Fischer titration witflettler Toledo Coulometric Karl Fischer Titrator
C30.Theaspreparectlectrolyte was added to the titrator directly for the measurement, while
that after cyclingvas exracted using dry acetonitril@wo to threemeasurementsere taken

for each sample.

2.11 Electrochemical Techniques

In order to carry out electrochemical &gshe material i€astinto electrodes first. The active
material is often mixed with carbon to improve the electric conductivity and binder additives
to increase the elasticity and viscidity. The mixture is granrmblventandcastonto a metal

or carbon foil,andthe solvenhis allowed to evaporatafterwards The electrode, which is
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normally cut into a circular shape, is assembled in a battery cell in the order of positive
electrode, separators with electrolyte, negative electrode, spacer andBigiimg 2-4). The

spring is necessary to maintain a constant pressure among each component in the cell. Steps
should be carried out in an inert atmosphere whenever air senssimponent is involved,
however, the aitight seal of the cell allows to carry oatectrochemicaimeasure irthe

ambientatmosphere

- current collector

g spring

spacer

negative electrode

separators
with electrolyte

positive electrode

+ current collector

Figure 2-4. (a) Schematic diagrarof internal components and (b) picture of coin cells.

Galvanostatic charge and dischaigiasually used to study the capacity, rate capability
and capacity retentioof an electrodeBy applying a constanturreni the electrodds
oxidized/reduced while cations (Mg Li*, etc.) are definserted, resulting in a change in the
capacity and cell voltag&he voltage response could be either a linear increase/decrease with
respect to capacity, corresponding to a solid solution de/insertion mechanism, or a flat plateau
resulting from a two-phase reaction. When approaching the capacity limit,faster

increase/drop of voltageomld be observedA voltage limit is often set to terminate a half
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cycle for galvanostatic measuremeriisr measurements at elevated temperatutescells

are placed in a thermodiad oven

ThefiC-rated i s a way tomefiree the current applied for cyclifidpeA CO i s t he
specific capacitybtainedwith the de/insertion of one ion or electron per formula unit, while
C/x equals the current that allowss reachsuch capacity within x houtkeoretically In most
cases, however, the theoretical capacity cannot be obtanakide actual time for a half cycle
is less than x hours. Alternatively, current deasitvith the unit of mA ¢ arealso used to
define the current used to charge and discharge a cell. The actual current is calculated by
multiplying the current density by the mass of active matefiab t e t ICaated tehred i

current densityre effectively the same and can be converted back aihd fort

Taking the derivative of capacity against voltage resulta hfferential capacity
(dQ/dV) curve. The peaksorrespond tahe different electrochemical steps. The information
given by a dQ/dV plot is similar t8V wherea constant potential sweegte is applied tthe
cellandcurrent responsarerecorded; however, CV forces the system beyond its kinetic limit
so that some capacity cannot be accessed. On the other hand, CV contains rate capability

information and is often used for testing elelsties.

The electrochemical measurement can be carried out with two electrode or three
electrode configurations. In the two electrode setup, the material of interest is assigned as the
working electrode (WE), while the other electrode serves as bothitiimegy electrode (AE,
also called counter electrode) and the reference electrode (RE). In order to be a good RE in
addition to an AE, the AE should have a small overpotential and a stable voltage during
electrochemical processes. Lithium and sodium reetarechargeable Li and Nells are
good such examples, so thilaeir positive electrode materiatsan bestudied in two electrode
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configurations with the corresponding metal as the AE/RE. The readily availabéaeimde
cell designs include coin deland Swagelok cells. Due to the easy assembly and low price of

two electrode cells, they are preferred if a separate reference electrode is not necessary.

Since the result given in the two electrode setup is a combination of WE and AE signals,
an approxination is taken here that the electrochemical response at AE is small enough so that
the overall result represents the properties of the WE. However, sometimes the WE signal
needs to be well separated in order to study the mechanisms in detail, or tieessiigble
material to serve as both the AE and RE. In those cases, an individual RE is required and this
can be accomplished in the three electrode setup. A good RE material should provide a stable
and accurate voltage. Examples include the silverfstlioride electrode, saturated calomel
electrode, and mercury/mercury oxide electrode for aqueous systems, as well as silver/silver
nitrateandferrocene for noraqueous systems. A sim@etup is obtained by immersing the
three electrodes in a beakerlc@here are also other available thedectrode cell designs,
such as th€onflatcell,*® T-shaped Swagelok céfi? and modified coin cefi® where the cells

are airtight and only a small amount of electrolyte is required.

In this thesis work, the positiedectrodes were prepared by grindihgactive material
with Super P and polyvinylidene fluoride (PVDF, average Mw ~ 534,000Q) $11al weight
ratio in N-methyl2-pyrrolidone (NMPB and casting thslurry onto Mo foilor carbon paper
Magnesium metal weapolished with carbidpaper (Mastercraft ®, 180 grit SiC) and cleaned
prior to use. Coin cells (2325) with Mg coun&dectrodes were used fwo electrodestudies
while Conflatcells with Mg reference electrodes T-shaped Swagelok cells with Ag/AgCI
reference electrodes were assembledttioee electrodeneasurementAll electrochemical

measurementsereperformed with a VMPotentiostat/galvanostaycler. (Biclogic).
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Chapter 3
Synt hesi s, El ectr oc henhinsvtersyt iaghadtSi pbenc & la n i
and Layetadi umsaSsulHasdieti ve El ectrode M:

MgBatteries

3.1 Overview of Titanium Sulfide

The search for positive electrode materials able to reversibly intercaleteakid which
present a higher energy density thans$das been generally unrewarding and the Chevrel
phase has remained the benchmark for magnesium batteries. It has been realized that
magnesium electrochemistry is more difficult than that afitsmovalent alkali cation cousins
such as lithium and sodiurfihe lower mobility of Mg* ions within solid oxide host$>%10%

104 anda probable higher energy penalty for the desolvation of Rigire amonghe limiting
factors identifiedso far To datepxide positive electrodenaterials exhibit extremely sluggish
kinetics1°° and conversiormaterials lack the required cycle I1#2On the contrary, solid
frameworkswith softeranions, such as sulfandselenium pffer betteropportunity for facile
multivalent ion diffusion due tthe weaker coulombic attraction betwethe guestions and
hostlattice Among the various candidatesjlfide basedcompoundsare lighter and more
electronegativeoffering ahigher specific capacity and voltage, thus higher energy density,

when ugdaspositive electrodenaterials

Titanium sulfides in particular,are of great interesThey could form a layered or
spinel structurda second cation normally presemt the lattey. The layeredoolymorph is
constructed of hexagonal close packed (hcp) sulfur, with titanium occupying altahedm@l

sites every other laygeresultingin 2D ion pathways through the empty lagé€Figure 3-1).
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layered

al"b

Figure 3-1. Crystal Structure of layered (left) and spinel (right) titanium sulfide. Ti aton
shown in blue and S atoms are in yelldvhe TiS octahedra are drawn to demonstrate
migration tunnelsCu ions are not shown for simplicity.

The spinel phase, on the other hand,dugsc close packesulfur, andtitanium occupies every
other octahedral sites in all directions. This foB8Bsion tunnels in the structu(Bigure 3-1).
The layeredstructure isa stablephase whilghe spinelis metastable at room temperature. It
will transform to theformer as temperane increass above 700 K 1% Thus, solid state
synthesisrom the element$ormsthe more stable layered compoufiiwhereashe spinel
phaseneeds to bebtainedby electrochemica?® or chemical®®!1°removal of Cu from spinel
CuTikSs and trace Cu normally remains in the struct{#ed.1Cu/TiSs, CU" is omittedin

describing the compound this thesidor simplicity).

No dectrochemistry studies on Migintercalation into either of the titanium sulfide
compoundhave beemlemonstratedneverthelesshey are promising Mgositive electrode
as suggested by related studies. Highly reversible and facileldintercalatiorhas been
observed into botktructure$!®i in fact, the layeregolymorph is the first Li battergositive
electrodeg(Chapter 1)Although thiscould not be derived to the Mg case diredtiyg success

of chemical magnesiatiomto both structuresuggests some Mgmobility in thelattice. A
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maximum of 0.25Mg/Tiscan beinserted into the spinphasethrough chemical methaahd
gives rise taan expansiorof unit cell On the other handnhomogeneoudg?* insertion is
observed for the layered material, resulting in a two phase mixture with cell expsinsvam
in oneof the themAn in-depth theoretical studyredicts a -550 meVMg?* diffusion barrier
in both lattices when allowing 10% volume expangithwhich would provide reasonable

Mg?* diffusivity, at least at elevated temperature

This chapter desdyes the firstutilization of spinel and layered titanium sulfides as
positive electrodematerials for Mg batteries. The reversibMg?* de/intercalatioris proven,

andcorrespondingnechanism is investigatea details

3.2 Spinel Ti2S4

3.2.1 Synthesis and Characterization of Spinel Ti2Sa

Thespinel Tes (labeled a€-Ti>Sy) was synthesizetl o | | o wi meethdd° Tiypiealdy,s
CuTixS4 was first obtainedby grinding the stoichiometric mixture of Clii and S elemest
pressing into pellstin an Ar-filled glovebox and sealing in an evacuated quartz tube.
Subsequent sintering was carried out atdD€@r 2weekswith an intermediatgrinding The
product was then added to 1 MeBr acetonitrile (ACN) solution wh molar ratio 1:2 between
CuTixS4 and Be, and stirredfor 3 days at room temperature undr for chemical de

copperationThe mixture was filtered, washed with ACN and-@83etrievethe GTi>Ss solid.

To reduce the particle sizealbmilling wascarried outwith a Pulverisette 23 mini
miller. 1 g GTi>Ss solid and 1.5 mL ACN were added to a 15 mL Zj& containing 12 g of
5 mm ZrQ balls, and ball milled for different periect 30 Hz in an Adfilled glovebox.The

solid was collected after evaporation of ACN solvent.
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The crystal structure of-Ti-Ss was confirmed byRietveld refinemenit of the XRD
pattern(Figure 3-2 andTable 3-1), showingasingle cubid=d-3m phase with a stoichiometry
of Cw1Ti2S4 anda lattice parameter of 9.776. Such resultsndicae that some residual

copper remains in the thiospines also suggested DX analysis gee latex. This isin

Cu Ti,S

0.112(3) 274

*
*
ES

a=977584(9) A
7 =460
R. =523

Bragg

Intensity (a. u.)

I I O l I 1 T 1
et P IR TN A » —
] L |fl L 1 1 1 1 ) I

1 1
20 40 60 80 100 120 140
20 (degrees)

g

Figure 3-2. Rietveld refinement fit of i-S4. XRD was taken with Deby8cherrer geomett
Black crosses experimental data, red linéditted data, blue liné difference curve betwe
observed and calculated data, green ticlkise Bragg peak positions. The broad hump
background signal from the-bay capillary.

Table 3-1. Refined parameters for dmpperiated €Ti>S4 (space group d-3m, a =
9.77584(9) A& = 4.60, BragdR-factor = 5.23).

Atom Wyck. X y z Occ. Biso (A2)
Cu 8a 0.125 0.125 0.125 0.112(3) | 1.0

Ti 16d 0.5 0.5 0.5 1.00 1.05(2)
S 32e 0.25161(5)| 0.25161(5)| 0.25161(5)| 1.00 0.80(2)
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agreement witlprevious results where incomplete extraction of Cobserved®®1% The

particle size of the aysthesized €Ti>S4 ranged from 1 td0em, and waseducedo around

1 em afterball milling (Figure 3-3).

A 4 ae | Gl g < Sy ¢ -

Figure 3-3. SEM images of €Ti>S4 before (left) and after (right) 4h ball milling.

3.2.2 Electrochemistry of Spinel Ti2S4

APC based electrolyte was used for electrochemical stofliganium sulfidesThe APC in
tetrahydrofurafAPC/THF) electrolytevas synthesized by a slauddition of 0.5334 g AIGI

into 6 mL distilled THFand stirred for 1 h. 4 mL of B phenylmagnesium chloride in THF

was then added to the above solution, and the mixture was stirred ovétigbh electrolyte

shows low overpotential for Mg stripping/platiagd high reversibilitfFigure 3-4), which

makes it desirable to study tkieltage profies of positive electrodenaterial in a 2 electrode

cel.,Howevey THF has a | ow boiling point gasket66 eC a
of coin cellsslowly. Thus, tetragl yme weldctolytealab@letllas e C b o
APC/G#£°) was used instead for long term cycliegts at evaluated temperature.
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Voltage (V vs. Mg)

Figure 3-4. CV of APC/THF electrolyte tested in 2 electrode coin cell at Y0sthand roon
temperature.

Titanium sufide positive electrodenaterialsweretested in galvanostatic mode with 2
electrode coin cells using Mg as thegative electrodand APC as the electrolytdhe
electrochemistry of >S4+ was firstly investigated at room temperatune APC/THF
electrolyte At a C/50 ratg1C = 1 Mg*/C-Ti.& in 1 h, Figure 3-5), initial discharge capacity
reache 130 mAh ¢! which isalreadythe theoretical value for the CPhe performances
further enhancedvith cells running a6 0 . A&sGhown inFigure 3-6, an initial discharge
capacity of 200 mA gt i correspondindo MgosaTi>Ss i is achievedat C/20 (black curve),
with an overpotentighs low a0 mVfrom equilibrium. The sloping curveetween 1.5 V to
1 V demonstrates a soksblution Mg insertion mechanisniy agreement with the previous

predicton by theory*!! Such valuegields 240 Wh kg specific energy, which doubles the CP
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x in Mg Ti,S,
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Figure 3-5. Discharge and charge curves ofTGS4 tested in coin cells with APC/TFH
electrolyte and a Mgegative electrodat 60eC and C/50

benchmarkAs the cycling rates increateC/10 and C/5, the disatge capacitglightly drops
to 195 mA gt and 190 mA g?, respectively, demonstrating the surprisinglyod rate
capability of the material. At all three rates, the fidsarge shows mor irreversible capacity

(10% at C/5), whicldisappears on the 2nd cyckdure 3-6 inset).
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xin Mg Ti,S,

00 01 02 03 04 05 06 07 08
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Figure 3-6. Discharge and charge curves of the first and second (inset) cyclel (8.@este:
in coin cells with APC/THF electrolyte and a Mggative electrodat 60eC and various rate
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Long term cyting was examined in APC/Gdlectrolytea t 6 Similgr Capacities of
195 mah gt at C/20, dropping t&75 mAh gt at C/5,areobservedn such electrolytéFigure
3-7). The slightly larger polarization comparing to APC/THi&tais a result othe higher Mg
stripping/plating overpotential at threegative electrodd=rom cycle 2onward Figure 3-9),
the drop levels off, and a capacityl@fO mAh g? is attained after 40 cycles at C/10. The origin
of the cycling fade might be due to the micisined active materigbarticles thatwould
kinetically trapMg?* during chargeBy reducing the particle size through ball millifggure
3-3), hence the ion diffusion lengtim anprovedretentionis obtainedwith capacitystabilized
at 130 mAh ¢ up to 70 cycles aftaheinitial formation cyclegFigure 3-8). Note the initial
lower capacity of ball milled materigd due to thefact thata small amount of Zr@scratched

from ball mill jar was counted for active material mass as well.

xin Mg Ti.S,
00 01 02 03 04 05 06 07 08
20 T T T T T T T T T T T T T T T T
| ——c/20
- |—— M0
151 [——CI5

1st cycle

1.0

Voltage (V vs. Mg)

0.5

2nd cycle

PR ST S [ W WV RNT SR (NN SR SO S W NN N S R

L 0 50 100 150 200
0.0 ey ey
0 50 100 150 200

Capacity (mAh/g)

Figure 3-7. Discharge and charge curves of the first and second (inset) cycleB £8:«@estel
in coin cells with APC/G4 electrolyte and a Mggative electrodat 60 e C an
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Figure 3-9. Capacity and coulombic efficiency (CE) evolution ofTGCSs at a C/10 rate
APC/G4 electrolyte (inset showgr99% CE).
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Figure 3-8. Capacity and coulombic efficiency (CE) evolution comparison oftredhmilled
(non-BM) and ball milled (BM) CTi>Ss at a C/5 rate in APC/G4 electrolyte.
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3.2.3 Investigation of Mg?* De/Intercalation Mechanism into Spinel Ti2S4 by XRD,

EDX and XANES

The reversible intercalation of Mginto C-Ti,Ss is confirmed by XRD as shown fFigure
3-10, and by energy EDXT@able 3-2). Rietveld refinement of the discharged XRD pattern
(Figure 3-12) demonstrates the preservation of B3m cubic spinel phase, with lattice
parameters expanded to 10.087from their pristine values (9.778) on electrochemical
magnesiatiorof 0.8 Mg*. Fourier mapping carried out with Cu, Ti, and S occupying their

normal sites reveals electron density on both the tetrahedral (8a) and octahejislgd.6c¢

Pristine a=9.77584(9) A
—— Discharged a=10.0971(4) A
—— Charged a=9.8060(3) A

| Fd-3m phase

Intensity (a. u.)

I IR P ST S T T R R B U P I T ST B S I T
15 20 25 30 35 40 45 50 55

20 (degrees)

Figure 3-10. Comparison of the XRD pattern of the initiat T@Ss spinel (black), with th
discharged (blue) and charged (red) states. The electrodes were cycled in APC/THF e
with a Mgnegative electrodat 60 eC and C/ 20.

Table 3-2. EDX results for CTi2&4 (electrodes cycleth APC/THF electrolyte with a M¢
negative electr)ode at 60 eC and C/ 20

Sample | Pristine Discharged Charged

EDX Cuw.092)T12Ss.57(8) Mgo.797CW.102)T 12S3.69(9) | MJo.084(4CU0.127(9) 12S8.91(6)
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(Figure 3-11). Mg is placed on both these sites in the subsequent refinements of Mg

occupancy, resulting in ~ 30% occupation of the octahedral 16c¢c site and ~ 20% on the

M g[OCt]o.sgm )M g [tet]m 89(?)Cu0.1Tizs4

S

s

.g a=10.0971(4) A
2 # =567

E R. =312

Bragg

20 40 60 80 100 120 140
20 (degrees)

Figure 3-12. Rietveld refinement fit of the discharged sample oMipSs. Black crosse$
experimental data, red linésfitted data, blue liné difference curve between observed
calculated data, green tickshe Bragg peak pasons. The broad hump is a background si
from the Xray capillary.
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Figure 3-11. Fourier maps of the discharged XRD pattern with only Cu, Ti, S in the stn
showing themissing electron density on the (a) 16c and (b) 8a site in the absence
occupation.
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tetrahedral 8a site  Téable 3-3). The corresponding composition
Mg[oct]oseuMg[tet]o.1eo7Clo.1TioSs is in excellent agreement with the electrochemical
capacity (M@.s4Ti>S4) and theEDX data Table 3-2). Only relatively minor shifts in the atomic
positions occumupon magnesiation Table 3-1 and Table 3-3). Along with the moderate
volume expansion on full insertion (10%), this confirms that the structure of -fhieSeC
thiospinel exhibitsittle distortion on Mg cyclingwhich promotes good pacity retention.
Upon charging the material, the XRD pattern (nexlerts to the pristine composition with a
lattice parameter of = 9.806A. EDX and XRD confirm that M is essentially removed
from the CGTi>Ss. The composition of MgueTi>Ss determined by EDXTable 3-2) and the
tiny increase in the lattice parameter (vis avis 9.A&Bare in accord with a trace of Mg
remaining on the 16c sitdéble 3-4 andFigure 3-13). Overall, the data unequivocally show

that the electrochemical activity of the material is due to reversible (de)intercalatiorf'of Mg

into the spinel structure.

Table 3-3. Refined parameters fatischarged C-Ti>S4 (Echem = Mg@.8dC-Ti2Ss, refined =
Mg[oct]oseaMa[tet]o.1s07Clo.1TizSs, Space group Fd-3m, a = 10.0971(4) A& = 5.67,
BraggR-factor = 3.12.

Atom Wyck. X y z Occ. Biso (A2)
Cu 8a 0.125 0.125 0.125 0.112 1.0

Ti 16d 0.5 0.5 0.5 1.00 1.05

S 32e 0.2551(1) | 0.2551(1) | 0.2551(1) | 1.00 0.80
Mgl 8a 0.125 0.125 0.125 0.189(7) |10
Mg2 16¢ 0 0 0 0.296(5) | 1.0
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Figure 3-13. Rietveld refinement fit of the charged sample. Black crosseperimental dat
red lines fitted data, blue lingé difference curve between observed and calculated data
ticks 1 the Bragg peak positions. The broad hump is a background signakheoixray
capillary.

Table 3-4. Refined parameters fartharged C-Ti>& (Echem = Mg@.odC-Ti2S, refined =
Mg[oct]o.0166Co.1Ti2Ss, space group £d-3m, a = 9.8060(3)A, & = 5.73, BragR-factor =

Intensity (a. u.)

Mg[oct]

I e
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01" 274
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Bragg
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Atom Wyck. X y z Occ. Biso (A2)
Cu 8a 0.125 0.125 0.125 0.112 1.0

Ti 16d 0.5 0.5 0.5 1.00 1.05

S 32 0.25296(5)| 0.25296(5)| 0.25296(5)| 1.00 0.80
Mg 16¢ 0 0 0 0.008(3) | 1.0
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Since Md@* occupation on the tetrahedral site was not identified in early studies of
chemical magnesiation (albeit limited to MiSs where x < 0.5}1?we took a closer look on
partially discharged >S4 materials. At 0.4 and 0.6 MgfTi>Ss, refinement reveals tha
Mg?* on octahedral sites onl¥igure 3-14, Table 3-5 andTable 3-6), in agreement with the
preferential Mg* occupation on the octahedsile at low content observed by Brugteal.in

the entire range of their studies (0708.5 Mg/TbSs).1*? Thus, a somewhat stepwise g

insertion behavior is therefore demonstrated, with the 16c site being filled first, followed by
population of the 8a site that is driven by subtle thermodynanddinetic factors. The solid
solutiontlike nature of the discharge/charge curves suggests that at theweogmint, the
energetics for occupation of either site are similar and the system lowers its (electrostatic)
energy by distributing Mg over loth tetrahedral and octahedral sites. In fact, first principles
calculations (in collaboration with Drs. Ceder and Persson groups at LBNL) shows a rather
small energy difference for Mfjoccupation on the octahedral, tetrahedral or mixed states,
indicatingthe disorder across octahedral and tetrahedral sites is quitetfikepyropose that

upon Md" insertion beyond x = 0.5, energetics that result in coulombic repulsion favor
redistribution amongst the possible sites. Kinetic condition might also chaade the local
switchover from the trvacancy to divacancy diffusion mechanisitand affect Mg" siting.

Based orthe experimental results, this limitation occurs at about 0.6"MQuw 1Ti2Ss, upon

which point a change on Mtccupation behavior taketape so that tetrahedral Mg is present

at the end of full discharge.
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Figure 3-14. Rietveld refinement fit of partially discharged samples,oMipSs (left) anc
Mgo.sTioSs (right). Black crosse$ experimental data, red linds fitted data, blue ling
difference curve between observed and calculated data, greenttekBragg peak positior
The broad hump is a background signal from th&ycapillary.

Table 3-5. Refined parameters faartially discharged C-Ti>S (Echem = M@ 44C-Ti2Ss,
refined = Mg[oct} s7seClo.1Ti2Ss, Space group £d-3m, a = 9.9244(2)A, & = 4.65, Bragg
R-factor = 3.86.

Atom Wyck. X y z Occ. Biso (A2)
Cu 8a 0.125 0.125 0.125 0.112 1.0
Ti 16d 0.5 0.5 0.5 1.00 1.05
S 32 0.25389(5)| 0.25389(5)| 0.25389(5)| 1.00 0.80
Mg 16¢ 0 0 0 0.189(4) | 1.0
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Table 3-6. Refined parameters fgrartially discharged C-Ti>& (Echem = M@e/C-Ti2Ss,
refined = Mdoct]os26sClo.1Ti2Ss, Space group £d-3m, a = 9.9808(2)A, ¢® = 3.04, Bragg
R-factor = 3.47.

Atom Wyck. X y z Occ. Biso (A2)
Cu 8a 0.125 0.125 0.125 0.112 1.0
Ti 16d 0.5 0.5 0.5 1.00 1.05
S 32e 0.25411(5)| 0.25411(5)| 0.25411(5)| 1.00 0.80
Mg 16c 0 0 0 0.263(4) | 1.0

The oxidation state change during electrochemistry process was investigated-by Ti K
edgeXANES (Figure 3-15). The CuTiSs was measured as a standard point (purple). Upon
chemical decopperation, the Ti edge ofT>Ss movesto a higher energy (blue), indicatiag
loss of electron on th&i centerduring oxidation. At the end of discharge (red), Ti is reduced
and the energy of the edge drops below €sIiThis agrees with the lower average oxidation
state of Ti in M@s«Cu.1Ti2Ss (Ti®Y) than in CuTiSs (Ti®%%). Upon charge (green), the Ti
edgealmostshifts back to the >S4 position with slightly lower energy, which is due to the

trace Md* trapping during the first cycle.

Such results demonstrate that Ti is the major redox center durifigislintercalation.
Since Ti 3d band lies sligytlabove the S 3p bariéf,valence electrons are mostly from the
former. This is on the contrary to latter transition metdisese 3d barglstarto fall belowthe
S 3p band. For those compounlsles have to be generated on $hbandduring oxidation,
which, however, is a difficult process due to the high electronegativity of Stfifur fact,
when a similar chemical oxidation procedure westedfor CuV>Ss and CuCsSs, low or no

Cu" extraction happened. As a result, the band strecivould also be essential for the
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excellent electrochemical activity of T>Ss. Such information should be taken care of when

testing other transition metal sulfides.

1.2 I
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Figure 3-15. Comparison of the Ti kedge XANES of the @i>&4 spinel (blue), discharg
(red), charged (green) states and GBI (purple). The electrodes were cycled in APC/
electrolyte with a Mgiegative electrodat 60 eC and C/ 20.

3.2.4 Summary of Spinel Ti2S4

The thiospiel Ti2S4 shows promise as a nepositive electrodenaterial for Mg batteries,
yielding a high capacity of 200 mAh'@t an average voltage of 1.2 V vs. Mg (corresponding
to a volumetric energy density of about 350 Whfar a full TizSs7 Mg cell). On subsequent
cycles with a capacity of 150 mAhtgthe specific energy is 180 Wh kgalmosttwice that of

the Chevrel phase at 100 Whkdespite thenoderate M§" diffusion barrier, spinel B
exhibits excellentate capabilities at 8 e€C. Thesmall volume change durirgycling ensure

the good capacity retentiorReducing particle size promotes the retention even better by
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minimizing cation trapping effecwith the shorterion diffusion length Rietveld refinement
reveals stepwise Mginsertion process, wittheoctahedrasiteoccupied first followed by the
tetrahedral. Titanium is identified as the major redox center, which would benefit

electrochemistry by avoidingole formatioron sulfur.

3.3 Layered TiS2

3.3.1 Synthesis and Characterization of Layered TiS:2

The bulk L-TiS; (bL-TiS;) was obtained by solid state synthé&idn an Arfilled glovebox,

Ti powder was ground with 10% excess S and sealed in an evacuated quartz tube. Sintering
temperature was initially held at 480 for 1 day, which was then ramped360 C in a 2-

day period and held for 46 hours. The mixture was quenched in water, reground with additional
5% S, sealed under vacuum in a quartz ampule, heategCanhih to 550eC for 36 hours and

guenched in water.

Nano platelets 4TiS, (nL-TiSy) wasobtained via wet synthesis as proposed by Jeong
et al''’In a 100 mL round bottom flask, 880 TiCls was added to 12 g oleylamine and
heated up to 308C under magnetic stirring anckilow. 1.56 mL CS was then added to the
mixture, which was observed tiarn black right away. The temperature was held ae300r
15 min to allow the completion dhe reaction. The flask was transferred to anfifed
gloveboxafternaturally cooling down to room temperatuaadthe product was collected by

filtration and washed with butanol and 3:1 volume ratio of methanol:hexane.

The XRD patterns of both iTiS; were indexed in the standaRd3ml space group

(Figure 3-16). Platelet morphology, which is a result of the layered crystal structure, was
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observed for both material&igure 3-17). The solid state synthesized compound showed

micronsized facial section, while that for the wet synthesis was belom200

—— bL-TiS,
——nL-Tis,
| P-3m1 phase

O WA Vv
~ N ULMM
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Intensity (a. u.)

Figure 3-16. XRD (DebyeScherrer geometry) of BLiS; (red) and nkTiS,. The P-3ml
phase marks are shown in green ticks. The broad hump is a background signal freray
capillary

Figure 3-17. SEM images of biTiS; (left) and nL:TiS; (right)
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3.3.2 Electrochemistry of Layered TiS2

Similar to the strategysedfor C-Ti>S4, electrochemistry test diL-TiS, wasalsofirst tested
in the APC/THF electrolyte.Figure 3-18 shows the voltage profiles earious rateat 6 0
At C/20 (1C = 1 ¥L-TiS2 in 1 hequivalent to 1C for 1 M{/C-Ti>Ss, black curve)an initial
dischargecapacity of 270 mAh g (Mgo.seTiSy) is obtainedKigure 3-18 inset), twice that of
the CP phase, at a similar voltagdarger irreversible capacity gesentn bL-TiS, compaed
to CG-Ti>S4 during the first cyclejndicating a strongecation trapping effect in théayered
structure Neverthelesghe reversibility improvedramaticallyfrom the second cycle onward
and thecapacity stalizesat around 160 mAh(0.33Mg/TiSy). Thus, cation entrapmenteds
not continue uporcycling; instead, reversible Mt de/intercalationis achievedwith the

partially magnesiated-TiS, (Mgo.26TiS2) formed on the first cycldJnlike the solid solution

xin Mg, TiS,
0.00 005 010 015 020 025 030 0.35
20 m————r——— 777777
—CI/5
| |——¢C/10
15 —CJ/20

1.0 1st cycle

Voltage (V vs. Mg)

_ 50100 150 200 250"
0.5
2nd-5th cycles

L ! | 1 L L
0 20 40 60 80 100 120 140 160 180
Capacity (mAh/g)

Figure 3-18. Discharge and charge curves of the first 5 cycles eTil$ tested in coin cel
with APC/THF electrolyte and a Mgegativeelectrodeat 60 e C and v a
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behavior in the thiospinethree distinciprocessesreobserved in the voltage profitd the

layered compoundnd its associated differential capacity curk@gire 3-19), indicating a

multistep M@ insertionmechanism thawill be discussedn more detail later.

dQ/dV (mAh/gV)
I

_4 ) L 1

1st cycle
2nd-5th cycles

0.5

1.0
Voltage (V vs. Mg)

1.5

Figure 3-19. Differential capacity curve of bdiS;atC/20and 60

20

e C.

As the cycling rates increase to C/10 and C/5gctacities drop to 250 mAh'@nd

140 mAh ¢ during the initial discharge, and stabilize at 140 mAh and 90mAh ¢?,

respectively, during subsequent cycles. Losgn cycling of the materialexamined in

APC/G4electrolyteis shown inFigure 3-20. A relatively stable capacity of 115 mAh'gs

obtained after a few cycled stabilization.
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Figure 3-20. Capacity and coulombic efficien¢ZE) evolution of bETiS; at a C/10 rate a1
60 € in APC/G4 electrolyte.

As with the thiospinel, reducing particle sizthus ion diffusion length also improve
the electrochemistry of-[iS,. Figure 3-22 shows thalischarge and charge cunefghenL-
TiS;at 6 Dhe stePwise voltage profiles indicate a similar’Mgsertion mechanism as
the micronsized materialAt a C/20 rate, the initial discharge capacitgieassto 300 mAh
g?, andthe irreversible capacitis largely decreaseduring the first chargeemonstrating a
reduced M§" trappingeffect The capacity only mpsslightly to 270 mAh ¢ on the second
dischargeThe rate capabilitys alsobetter for the nansized material, wit270mAh g* and
260mAh g capacitie®btainedat C/10 and C/5 for the initial discharge, respectively, 28
mAh g! and 200 mAh g! during the second Furthermore, the In-TiS; shows an excellent
capacity retention during long term cyclifgigure 3-21). At 6 0 apdCC/5 the capacity
stabilizesat 170 mAh gt from the 29to 50" cycle,at which point a slight drop to 150 mAh g
! capacity is observed. Up to the 308/cle, 120 mAh g capacityis preserved. Even at room

temperaturea stablecapacity a0 mAh g' is obtainedup to 200cycles.
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Figure 3-22. Discharge and charge curves of the first two cycles eTisk tested in coin

cells with APC/THF eleirolyte and a Mquegative electrodat 60 e C and
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Figure 3-21. Capacity and coulombic efficiency (CE) evolution ofhiS, with a C/5 rate
60 € (APC/G4 electrolyte) and room temperature (APC/THF electrolyte).
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3.3.3 Investigation of Mg?* De/Intercalation Mechanism into Layered TiS2 by EDX

and In-Situ XRD

Reversible M§" intercalation into bETiS; is first confirmed by EDX Table 3-7), revealing

Mg contents in good agreement with the electrochemistry capacity. Delidgjedsertion
mechanisninto bL-TiS is theinvestigatedy in-situ XRD, with scans taken at the end of each
pronouncecelectrochemical steg={gure 3-23a). The first three intense pea&bthe P-3ml
phasé (001),(011), and (012) areused toextract thea andc lattice parameters by Le Bil
full-profile fitting (Figure 3-24). Owing to preferred orientation, limitgabsitive electrode
thickness in thén-situ cell and multiplephases, Rietveld analysis could not be readily carried
out. Figure 3-23b shows the evolution of those three peaks; the correspoadindc values

are summarized iRigure 3-23c,d andTable 3-8. In the pristine material (point A, phase 1),
lattice parameters fok-TiS,, a = 3.4058(2) A and = 5.6987(4) A areobtained Preventing
nonstachiometryin TiS; (where typical lattice parameters ahigh asi = 3.419 A andcc =
5.713 A), due to excess Ti atorascupying interlayer sites and pinning the layersrigial

for good Li* intercalation properties:81° Similar logic likely applieso Mg?* intercalation.
During the discharge process, the pedénsities of phase 1 decrease, while a new set of peaks
evolve.At the end of the first discharge plateau (p&n0.05Mg/TiS), a second phase (phase
2) appears, denoted by weskoulders atower angle to the phase 1 reflections. Phase 2
exhibits a notably increaseparameter (5.903(7) A), bonly asmall increase ia (3.416(3)

A). Upon further discharge tpoint C, 0.17Mg/Ti$, a third phase (phase 3) appears with
sharper reflections. Again, theeparameter increases grea(f112(3) A), whilea remains
almost constant (3.431(2) A). Abint C, the asymmetric peak shapagicate a small amount

of phase 2 ersists. At the end of discharge (point D, 0.56MgéJithe (011) and (012) peaks
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of phase 3 shift further btte (001) reflection remains at the same position. f@ssltsfrom
a major increase iato 3.4934(5) A and a minor increaisec (6.123(1) A)of the new phase
(phase 4) by comparisavith phase 3. Thiatticeparameters of phase 4 are in agreemsht
those obtained by chemical Ffgnsertion into layered TiSreported by Brucet all20!21
Structural analysis of that materiahs not provided. At this state discharge, we also note
that some phase 1 still remains. Because the &l8ctrode particlesre micrometesized,
diffusion lengths between the surface dhd interior of individual Tig particles are large
enough thapresumably phase 1 remains within the particle core.ffHotion of phase 1 to
phase 4, estimated by comparison of ititensity of the welresolved (012) reflections of

phase 1 anghase 4, is about 15%.

Table 3-7. EDX results forbL-TiS; (electrodes cycleth APC/THF electrolyte with a M
negative electr) o0de at 60 eC and C/ 20

Sample Pristine Discharged Charged
EDX TizooES>2 Mgosa2) Tiz104S2 Mgo.302) Ti1.025/2
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Figure 3-23. XRD studies of Ti$ structure evolution during cycling. (a) Electrocherr
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Table 3-8. Latticeparameter evolution of layered Bi8uring electrochemical cycling.

boint Phase 1 Phase 2 Phase 3 Phase 4
a (A c(A) ald [cA |a@d) c(A) a (A c(A)

A |3.4058(2))5.6987(4)- - - - - -

B 3.4079(3)/5.6925(4)3.416(3)|5.903(7)|- - - -

C 3.4091(5)5.6955(6),3.434(2)|5.874(6)|3.431(2) |6.112(3) |- -

D [3.427(2) |5.696(3) |- - - - 3.4934(5) 6.123(1)
E  |3.420(3) |5.696(2) |- - 3.4273(7)6.1001(9)(3.4838(5) |6.158(2)
F  [3.416(2) [5.702(2) |- - 3.4412(8)6.035(3) [3.4881(7) |6.1041(5)
G 3.407(3) |5.706(3) |3.4328(65.973(2)|3.4391(6)6.1144(6)- -
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The overaldischarge procesbusinvolves an initial expansion tiec parameter from
point A to point C, followed by amcrease irthea parameter during the final step (point D).
Based on previous computational results, the octahedradrsite)y for Mg* occupdion is
much lower than the tetrahedsile during the initial stages of intercalatighThis suggests
preferred Mg insertion onto the octahea sites during earlgischarge (A to C). In fact, at
point C the Mg stoichiometrin phase 3s likely larger tharthe overallx = 0.17. When the
intensities of the (012eflections at this intermediate point are compared, phasenBrises
about 50% othe material. As such, the Mg contefthe outer shell of the active material is
more likely x = 2 x0.17 = 0.34, corresponding to the ordered composkignsTiS, where
Mg?* occupies octahedral sites and whasdstence was suggested by fipstinciples
calculations:!! Thesecalculations also showed that as the unit cell increases invitize
increasing Md'/€ content, the M§ preference for thectahedral site over the tetrahedral site
is lessened!! suggestingan increased likelihood of tetrahedral occupation at kighlues.
Meanwhile,there isa possible parallel with lithiunmsertion in TiS where a switchover in
sitingas a function oflepth of intercalation occurs. @meinsertion of between- Li/TiS,,1%2
Li* occupies octahedral sites (causing an increasalinthec parameter}?>12¢ Subsequent
insertion of +2 Li/TiS, populates the tetrahedral sites, accompanied bycaease irthe a
parametet?® These changes in lattiparameters match those in our study, namely, an increase
of thec parameter in phase 1 to 3, followed by an increasieeia parameter from phase 3 to
4. Thus, thericrease ira may alsoresult from additional Mg§ occupation on the tetrahedral

sites(i.e., mixed occupatiodrivenby subtle thermodynamic amkhetic factors).
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Upon charging, at the end of the first plateau (point E),intensities of phase 4
reflections decrease and those of phasta® to appear. This trend contes on the next
plateau (E td~), while thec parameters of both phases decrease. Upondinaae (G), phase
4 disappears completely and phase 3 isntlagor phase along with a minor contribution of
phase 2. Thentensity of the residual phasedflections remaisiconstant orcharging; thus,
the pristine structure is not regenerated. [He& of conversion of phase 2/3 back to phase 1
indicates som&g?* is trapped (presumably on octahedral sites), accountingpfae of the
capacity loss duringhe first cycle. The overaffrocess is summarized gure 3-25. Such
cation entrapment is potentially due to an increase of thé*Mifusion barrer as lattice
parameters decrease during¥egxtraction, effects of Mg/vacancyordering, and/or kinetic
constraints imposed by tmeed for the migration of octahedral M¢p pass throughdjacent
tetrahedral sités! (partially populated on discharg@he behavior contrasts sharply with the
highly reversible solicsolution Li de/insertion process in TiSwhere the mobility idess
affected by the Lli concentratiort?”128 The higher charge on thtivalent Mg?* cationsleads
both to a strongezoulombicattraction to the anions the lattice and greateationrepulsion.
These interactionegetard diffusion and lead to the complex ordering observédeivoltage

profile as predicted by firgirinciples calculation$t!

+ Mg2* + Mg?*
Phase 1 —> Phase 2/3 {T—>  Phase4
- Mgz+

Figure 3-25. Proposed Mg (de)insertion mechanism based on XRD data. This invol
multistep Mg insertion mechanism into j&ith initial occupation of primarily the octahec
sites (phases 2/3) followed by occupation of the octahedral and tetrahedral sites (cc
of phases 2/3 to phase 4). The latter process is electrochemically reversible, but the fir
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3.3.4 Summary on Layered TiS2

Layered TiSis a promisingnsertion positive electrodeaterial for nonaqueous Mg batteries.
With micronsizedmaterial, a stabilized capacity of 115 mAhig obtained a€/10rate and
60 € for 40 cyclesNanosized material provideésproved properties, witbapacities of 170

~ 120 mAh ¢ up to 200 cycles at C/5 aréD €, or 70 mAh g' at room temperatured
capacity drop after the first cycle appears to be due to pMta! entrapment within the
structure owing to complex orderiagd kinetic effectsThe drop is much smallgrith nane
material owing to the decreased ion diffusion length it providBE) aralysison the micron
sized TiS and a comparison with previous computation hifdnsertion results suggest that
the multistep M§" insertion obsenaduring cycling can be assigned to progressive changes
in Mg?* siting. The multiple phases shown by XRD indicate imnomogeneous Mg
distribution throughout theicron-sizedparticles butilso suggest the capability of the material
to accept more Mg than the average valymesentedBy decreasing the particle sizan
improved capadity is obtainedsuggesting an easier homogenization of \Mthin nanesized

TiS,.

3.4 Discussion and Conclusions on the Two Titanium Sulfides

Lattices containingsofter anionspotentially allow faster catiodiffusion due to a weaker
coulombic interaction. Ais is more critical for the higher charged multivalemts. Benefit
from the soft sulfide framewosktwo titanium sulfidei the spinel and layerd&dallow facile
reversible Mg" de/intercalationand show promising electrochemistrgesuls as positive
electrodematerials for Mg batterieReducing particle size further promstée performance

by decreasing iomigrationlengthand dlowing easier diffuson.
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Despite the similarity in theomposition othe two materialsdifferentMg?* insertion
processes are identified.he thiospinelphasefollows a solid solution pathway, with a
switchover from octahedral to tetrahedral ocdigmaof Mg?* at about 0.6M&/Ti>Ss. No
pronounced inflectioms shownin the electrochemical curve due to the similar site eegrg
However, subtle distribution of Mg§on the two sites of the lattice at high #Mgoncentrations
would result in complex behavior such as a modifiec*Miiffusion path.This situation is
further complicatedavith the trace Culeft in the structure which occupies the same tetrahedral
site as M§". Those factors, in combination, defines the current*Ntggertion limit into the
thiospinel structurdJnlike theC-Ti»Ss, distinctplateaus are present thieMg?* insertion into
the layered Ti& In addition toa change of occupation on sites that harge energy
difference cation orderingwould introduce additional metastable intermediate phases and
result ina change ircell voltageas well In a layered structurehé insertedMg?* would
experience more influence from each other in the otherwise empty layer, than in a spinel
structurewhich has Ti* in the wayblocking the effect. ThusMg?* is more likely to order

themselves in a layered structure to redbeentropy.

A lower overpotential is observed for Kfginsertion into spinel structure than the
layered. Other than the differdmilk Mg?* diffusion mechanismshe Mg?* desolvation at the
electrode/electrolyte interphase would also playrgyortantrole,as already shown for the CP
wherethe atom arrangement on the surface o§®dshows critical effect in breaking thdg-

Cl interactionand promotingfurther intercalatn® Unique desolvation proceswould be
presenin the twotitanium sulfidesas well. Due to the distinsites allowing Mg?* insertion

as well as theisurrounding atomi either crystal structure,cnange in desolvatioenergy is
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expected which would finally contributeto the overall electrochemistry profileMore

discussions on the desolvatiefiectwill be presentedh next chapsr.

The twotitanium sulfides described in this chapéee alargestep forward from the
semifunctional CP that has been thely positive electrodéamily for Mg batteries for 15
years. Theitanium sulfidesot only provide improved electrochemical performance, but also
addadditional mensof options (apart from the } which should acceleratee fundamental
understanding of Mg intercalation behavior isolid structuresBenefiting from the same
elemenal compositionthe effect froncrystal structureould be moremphasizedThis will

providedirectguidance in the search forore Mgpositive electrodeandidates.
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Chapter 4
|l nvestigationtoh®l Fggit hsdMgotri on into

Materi al s

4.1 Overview of Oxides as Positive Electrode Materials for Mg Batteries

While sulfide materials show great promise for facile and reversibké tgintercalatioras
discussed in Chapter 3, the energy density ttoeyd offeris limited. Replacing sulfur with
themoreelectronegative oxygen would increase the redox potential of transition metal in the
lattice due to atrongetionic character in the metakygen bondAt the same time, the lighter
weight of oxygenresults in a higher theoreticapecific capacity of he positive electrode
material by increasing the amount of electron transfer per unit weight. Thus,positiee

electrods hold greapotentialfor high energy densitylg batteries.

However, sluggish multivalent ion diffusion is generally observed in oxiledering
their electrochemical performand&t the same timgthere is dack of systematianalysison
the detailed M§' insertion mechanisninto oxides The limited understandg on such
processes makes it difficult to desigrdatiscover new functional materialkhis chaptethus
focuse on the mechanisstudies oMg?* insertion into oxide materialfspiredby the work
of Wanet al that showshe essential role ofacile Mg desolvation ahe CP/APC interphase
for its excellent electrochemistry by first principles calculatfisemphasizeé my focuson
the experimentainvestigation 6 such process foan oxide positive electrod, MnO2, which
would explain the dramatically differenthmeevior in aqueous and nagueous electrolyten
paralle] Ronget al. has identifiedhe preferentialsite occupatio of inserted cation as one of

the factordeading tosluggish ion diffusion in lattic¥® Following this principle] examine
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Mg2Mo030g as a Mgpositive electrodandestablishadditionalcircumstance that would affect

diffusion barrier.

4.2 Birnessite MnO2

Manganese oxide have been extensively investigated in the Ha#eature owing to their

rich crystal chemistry®*4! The edge sharing Mnf@ctahedra can form ribbons of finite width
thatinterconnedt o gener ate tunnel s-MnQd)ortodorokits:these c h as
consist of tunnels spanned K§% x 2) or (3 x 3) octahedra, respectively. Alternatively,
bidimensionaktructures consisting of stacked Mn@anes crystallize either without water in

the interl ay-tlaMn®)prrset stiucturaewater. TOdN|8tter are exemplified

by the minerals birnessiteF{gure 4-1)14?and buserite structures thaaire characterized by

interlayer distances @7 A andD10 A, respectively:*® Studies of these materials ssitive

electrods for Mg-ion batteries arether limited. lhas beeshown that magnesium cells using

U-MnO; positive electrodes undergo a conversion mechamissnlting in poor cychaility. *°

Figure 4-1. Birnessite crystal structure showing a water monolayer (green) between th
sheets (purple). Mg ions are shown in orange.
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Comprehensive analysitemonstratethat the M@* intercalation barrieinto such structures
at an early stage is comparable with, lbut thermodynamics drive theansformation of the
highly unstable product into the rock salt oxide (MginxO) on theouter particle surfac®144
This conversion mechanismassoapplicable to other Mng@oxides in nonaqueous Mg cells
according to experimental studies that show the surface attea lsrgest factor influencing
their electrochemistry/® On theother hand, twoecent studies have emphasizeddeeeficial
role ofa high water content in the electrolytdailitating Mg’ intercalation using anhydrous
layered MnG!® and spinel MgMpO4*° positive electrode materials. These stugiasllelmy
interest in exploring the behavior of birnessite in beous and nonaqueous electrolytes to

identify the main factorthat triggerintercalation or a conversion mechanism.

4.2.1 Synthesis and Characterization

The birnessite MgisMnO0.9H >O/carbon clothcomposite (labeledas Mg-bir/CC) was
prepared by a hydrothermalethod. Typically, 150 mg of Mg(MnfpxH >0 wasdissolved in
36 mL ofdeionized water and transferred to a Tefldm®d stainless steel autoclave. A square
piece of carbon cloth (7 x 7 cihwas placed in the autoclave serve as the conductive
substrate. The mixture was heated at 16@0€2 h. After being cooled to rootemperature,

the product wasvashed with water and dried in air.

The diffractogram of theristine sample oMg-bir/CC (Figure 4-2a) is composed of
the amorphousarbon cloth scattering and the diffraction peaks of the birngdsitse §pace
group =C2/m, ICSD-068917)}*2The (001) peak at 12.5°s characteristittheD7 A spacing
of the MnQ sheets in birnessite dt®its monolayer of structural watdfigure 4-1). It allows
cleardifferentiation from the paremtuseritestructure that featuresdouble layer of structural

water and a interplanar distarafeD10 A. The large breadth of the diffractipeaks is in good
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Figure 4-2. (a) XRD comparison of Mdpir/CC composite (violet; only the index for the p
with highest intensity of the clump is shown for the purpose of clarity) and barenazdbk
(red). Bragg peak positions for birnessite are noted byldek tick marks, and reflectiol
from the carbon cloth are indicated by asterisks; (b) TGAsthndard sample of birnes:
without carbon cl ot h s ublsnderaMflow. he tempetata
was held at 90 eC for an hour prior to

agreementvith the birnessite nanmorphology observed bglectron microscopyHigure
4-3a). The structural water conteim birnessite was determined to be 0.9 by TGRy(@re

4-2b), in agreement with previously reported values of 6485.

The composite morphology consists of a homogeseeld  etimck coating of
birnessiteMnO, wrapped arounthe~ 7 . & diamater fibers of the carbon cloffiqure
4-3b inse). The mineral coating is composed of thin platelets radially arraragednd the
carbon fiber surface, with the platelet plane (a§?Mmobility) perpendicular to the fibers
(Figure 4-3b). This assemblyffers an optimal configuration that can be used directly as a
positive electrode material for magnesium cells owing to thelerlying electronically
conductive substrate and the nanomatiarphology of the active material that benefits the

typically low mobility of Mg?* by providing short diffusion pathways.
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birnessite

!

Figure 4-3. (a) TEM and (b) SEM images of Mgir/CC.

4.2.2 Electrochemistry and Ex-Situ XRD Studies in Aqueous Electrolyte

The good performance tirnessitepositive electrode in Mg aqueous cells or in an organic
solventwi t h a significant amount o f prewaadlye r
established®'4® However, in those studies, the@nessite structure was obtained through the
electrochemicalconditioning of a nonhydrated manganese oxide, either FhGor
MgMn,04.*¢ Owing to thedisordered nature of the birnesditamework, detailed structural
information is not readilpccessible using XRD. Therefore, substantial differences Inche
arrangement othe different materials, induced by thenditioning process, could lead to
significant differences ithe electrochemical mechanism that are not observable by R&tD
this reason, the behavior of the Mg/CC composite electrodesasfirst verified in aqueous

media.
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The material was examined in an electrolyte composed of 0.5 M MggCi®
deionizedwater using Pt gauze as the counter electrode and Ag/fsg@irated) as the
reference electrode inghape Swagelok thredectrode cellsSloping curvesireobserved for
the discharge and charge voltage profilggire 4-4), consistent with previous studié&4®
As expected from its low surface area, the capacitive response of cariof 6l@5 mAh ¢!
of active materialFigure 4-4 inse) is negligible compared to the initial capacity of 150 mAh
gl i.e., insertion of 0.3 Mg, as observed here and by oth&¥¢® The expected reversible
fitheoretical 02 basquarca oneeledtren trAnsfér (sikbg deep reduction of
Mn3* to Mr?* is typically not very reversible). However, different fromeyious reports,

capacity fading is observed over the first 20 cyclEgyre 4-5). This is due to the
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Figure 4-4. Discharge and charge profiles of Ndg/CC positive electrodein 0.5 M
Mg(ClOa)./water electrolyte at 2C rate. Inset shows negligible capacity of the bare carb
(specific capacity calculated with respect to the loading of birnessite in the actdmt/@\Q
cell).
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Figure 4-5. Capacity and coulombic efficiency evolution of Mg/CC positive electroden
0.5 M Mg(CIQr)./water electrolyte at 2€ate.

enhancement of M#i dissolution due to the nanometric sizetlud active material as well as
the low loading used in this study. Further evidence ofithi®und by postnortem SEM
imaging of the dried separator facing tregative electrodeshowing the precipitation of large

manganese containing particlésgure 4-6).
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Figure 4-6. SEM and accompanyingDX of a piece of separator after Mby/CC is
discharged ir0.5 M Mg(ClQy)2/waterelectrolyte. Two separaters were used in the cell,
the one facing theegative electrodside was used to ensure that no birnessite contami
occurred
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XRD analysis of the composite electrode in thecharge (magnesiatedhdcharge
(demagnesiated) statdagure 4-7) confirms the magnesiumtercalation process in agueous
cells. However, modification of the intercalate concentration charpes electrostatic
interaction responsible for the layered arrangemessgulting in a major topotactical
transformation of thetructure. Upon dischargiiae intercalated Mg allows formore efficient
screening of the interslab electrostatic repulsidns triggers a contraction of the interlayer
spacing from7 A to 4.86 A, as evidenced by the shift of the first diffractimak from 12.5°
(2d) t Gonvérsely,6the .removal dflg?* upon charge induces an expansion of the

interlayer distancéo the 10 A spacing characteristic of a double layewater between the

MnO- layers in the buserite structuréhe (001) and (002) buserite reflections are tyear

visibleat 9.2°and 18.4°

(002) * Carbon cloth

(001)

(020)

charged

discharged
(114)

Intensity (a.u.)

pristine

30

40

50

60

70

20 (degrees)

Figure 4-7. XRD patterns of cycled birnessite electrodes in the aqueous cell: blue, pristine;
green, discharged; red, charged. The tickmarks represent the Bragg peak position of
birnessite (blue) and buser{red).
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The structural evolution in the discharged material implie®niyta contraction of the
interlayer spacing, but also a glide of eO- planes. Owing to the poor crystallinity of the
phases, fulktructuredetermination was not possible. Nonetheless, the interthgtmce of
the magnesiated phase (4.86 A) correspandstly to the distance between the octahedral
slabs in theVigMn2O4 spinel structureKigure 4-8). Comparison of théiffractogramms of
the discharged phase and Mgi@a clearly shows the strong relationship between the two

structures. Somef the reflections of the spinel structure axéirect in thedischarged phase,

Discharge Mg-Bir
— Simulated MgMn,O,

Intensity (a.u.)

10 20 30 40 50 60 70
20 (degrees)

Figure 4-8. (a) Comparison of the XRD patterns of dischargedd#fCC in aqueous cell a
the spinel MgMnOs; (b) Representation of the spinel Mgha showing the stacking of (
the kagome layers.
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the most evident being the (103) reflectio®ai( Figure 4-8a). Thus,it is propose herethat

the structure of thdischarged phase is based on the same layer arrangertrenspisiel phase;
i.e., JahnTeller distorted, partially occupiedriangular slabs of Mn@ octahedra
interconnected by tetrahedidiyO4 and octahedral MnE£moieties. The appearanoéa new
transldaional symmetry element, as evidenced by thgappearance of the (103) spinel
reflection, suggests a slighttiifferent stacking scheme that does not exactly reproduce the
tridimensional structure of MgM@s (Figure 4-8c). Attempts tomanually determine the

precise stacking sequence usingfR&JLTS softwaré*’ were unsuccessful.

The hypothesis of a local structure similar to the spinel phdsghersupported by a
previous study that clearly shows fleemation of spinel in the discharged stétajthough it
was notreported as such. In tHetter study,the birnessitgphase was obtained through a
conditioning of the spinel phaséhere the original kagome layers are probably preserved in
thebirnessite phase, thus favoring the reformation of the sginalture upon remagnesiation.
On the othehand, in the presestudy, there is no reason to presume a similar arrangement of
manganese vacancies in the triangular lattice of the prisiinessite phase. Thereforejs
likely that the creation of themanganese vacancies occurs during dbetraction of the
interlayer spacing: the stabilization of Rdn the tetrahedrahterlayer site generates a very
short (1. 84 | orcikighMn g of the tsahgalar atéce and into the interlayer
space. The arrangement of the created vaearwould induce different stacking scheme

than in the spinel structure.

The formation of such a small interlayer spacing raisegulestion of the fate of the
water. There is no available sitesccommodate water in the interlayer space of the digetla

phase. The formation of hydroxl groups, as observed in laydrgdOH, would imply the
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reorganization of the entire clopacked oxygen framework and therefore is unlikely. Hence,
water is most likely expelled from the structuflis mnversion of théayered structure to the
spinel is reminiscentof the conversion of metastable layeredsMnO, to the more
thermodynamically stable spinel LiM®4 on cycling innonaqueous medid® where similar

driving forces are undoubtedtgsponsible.

4.2.3 Electrochemistry and Ex-Situ Karl Fischer, XPS, TEM Studies in

Nonaqueous Electrolyte

Traditional Mgelectrolytes based darignard compounds (RMgCI in association with A)CI
are considered highly corrosive to oxide materials, and theirsitivity tomoisture could
interfere with the structural wateontained in birnessite. The electrochemical behavior of Mg
bir/CC in nonaqueous solvents was therefore investigated dlseglectrolyte 0.25 M
Mg(TFSI)/diglyme (water content bele 50 ppm). This electolyte, reported for the first time
by Ha et all* exhibits, inmy experience, a large overpotential Z>V) when significant
currentflows through a Mgiegative electroddHowever, magnesium metal can dbd used
as a reference electrode owing to theraxely low current passed in this cas€he
electrochemistrypf Mg-bir/CC wasinvestigatedn a threeelectrode celbbtained from DPM
Solutions In¢>® with a Mg reference argicapacitivecarboncounter(3:2 weight ratio of Black

Pearls 2000, surface area ~ 1500gh: PVDF).1%0

Figure 4-9 shows the representative voltage profiles for the eighth cycle at a current
density of C/10. The working electrode exhibits a voltage platead &tV during discharge
and~ 1.7 V during clarge. Such flat plateaus suggest a-phase reaction mechanistiThe
almost linear voltage evolution of the carbon electrode with respect to capacity proves its

double layer capacitor behavitt,validating the use of Mg metal as a reference electrode in
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this system. However, the threéectrode cells showed limiteddiime. Owing to the gradual
increase of the water content in the electrolyte (see later), the surface of the reference electrode

is progressively passivated by a film of magnesium hydroxide.

Ece and Ewe vs. Mg (V)

0 20 40 60 80
Capacity (mAh/g)

Figure 4-9. Voltage profiles of the working (top) and counter (bottom) etefet of Mgbir/CC

tested in a threelectrode cell with 0.25 M Mg(TFIgYiglyme electrolyte and a Mg referel
at C/10.

Thus, typical tweelectrode coin cells were used to stubbngterm cycling
performance and water content evolut{éigure 4-10). At both C/5 and C/10 rates, a long
conditioning process is observed before the-bM¢CC electrodes achievieir maximum
reversible capacityFigure 4-10b). A capacity ofibout 135 mAh'd is obtained after 20 cycles
at C/10 befor¢hecapacity slowly decays, whereas at a C/5 rate, about 50 eyelegcessary

to achieve a capacity of 90 mAh!ghat ismaintained over 100 cycles. The higher capacity
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sustained at €/10 rate compared to a C/5 rate indicates slow kinetics @l¢lcarotiemistry
process, in complete contrast to the aquemase where Mg ions show good solid state
diffusion at a 2C rateand where the attendant phase transformation to the spinel is

accompanied by water egress.
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Figure 4-10. (a) Voltage profile, (b) capacity and coulombic efficiency evolution of-
bir/CC tested in coin cells with 0.25 M Mg(TF38iglyme electrolyte.

No significant changes were observed in the diffractogramthe charged and
discharged samples, showing tbating to the intrinsic disorder of the birnessite structure and
the extremely small particle size, XRD is not an ideal prob®fchanges involved upon
cycling. However, grogressive broadening of the (001) peakresat as a function of the
cycle number; after 20 cycles, this feature is barely visiblereas the other peaks remain
(Figure 4-12a). A similar evolutions observed by thermodiffraction upon dehydratioNgf
bir/CC (Figure 4-11), suggesting the release sifuctural water into the electrolyte. The
confirmed by theontinuous increase in the water content of the electr(ffjgeire 4-12b) up

to the 20th cycle, as monitored by Karl Fischigation. Interestingly, the number of cycles
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required to releasall of the structural water into the electrolyte correspondsemunioer of

cycles of the conditioning procedsdure 4-10b). Addition of a small fraction of water (0.3%

wt. (3,000 ppm)) tothe electrolyte shosvthe same conditioning procesBigure 4-13),

Intensity (a. u.)

* carbon cloth

(001)
20 cycles
pristine
a
| | ! | ) | L | L | 1
10 20 30 40 50 60 70
20 (degrees)

water concentration (ppm)

100 |
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—_
o

|
10 20 30
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40

Figure 4-12. (a) XRD patterns of cycled electrodes (charged states) in the nonaquec
(b) water content of the&ttrolyte as determined by Karl Fischer titration.
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Figure 4-11. Thermodiffraction of Mgbir/CC under a helium flow.
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Figure 4-13. Capacity and coulombic efficiency evolution of Ndg/CC in 0.25M Mg(TFSK
diglyme electrolyte with 0.3 wt% ppm water@tl0.

suggesting that the increase in reversible capacity comegtimodification of the active

material structure rather than theerall water concentration.

The evolution of the chemical speciation upgytling is studied byexsitu XPS
showing smi-reversible shift of M 2p spectra and change in O 1s spectra are obtained
(Figure 4-14). An in-depth fitting isthen carried outo study the detailed mechanisandthe
results are summarizel Figure 4-15andTable 4-1~Table 4-4. The Mn 2p,2 spectraarefit
by sextuplets using parameters previously established foros@tdtion number and chemical
environment Table 4-1~Table 4-3).1521% Note that tle multiplets result from the multiple
final states that are generated by coupling the unpaired d electrons withptiesd 2p
electron. The peak shapes can be different even with the same oxidation state. faus, in

fitting procedure the peak separation, ratio and wadétonstrainecamong the multiplets in
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Figure 4-14. Mn 2p and O 1s XPS spectra comparing the pristine, discharged and !
samplesycled in nonaqueous electrolyte

accord with thepreviously reported values for specific spectasch splittingdoes not happen

for O 1s spectra, and thayefit by singlets of MO, M1 O H,O4Tahie 4-8).

The pristine sample shows results consistent with previoapiyrted value&? The
manganese in birnessite exhibits mixedence states composed of about 77%"MR0%
Mn®*, and 3% Mn?* (Figure 4-15a) in good agreement with the chemical formula
Mgo.1sMNOD.9H 0. The oxygen spectruntigure 4-15d) is fit with a oxide component
(54%) and two hydrogenated oxygenvironments; hydroxide (30%) and structural water

(16%).

Upon discharge, the shift to lower binding energy inNre2ps2 spectrum Figure
4-15b) is characteristic of the reductiaf the manganese ions. The shoulder at 647 eV
represents highly characteristic satellitgf MnO 14 clearly proving thexistence of this oxide

at the surface of the discharged samplee remaining part of the Mn 2pspectrum is well

93



fit using acomponent typical of MNOOR®* Consistent with this, the O Epectrum of the
discharged sampleFigure 4-15¢) shows an increasef hydroxide species (up to 62%),
whereas the oxide contestcreases to 21%. The large excess of hydroxide with resgbet
oxidecomponent suggests the formation of Mg(@t)small fraction of the O 1s signal (3%)
is assigned to watehowever,its nearly 0.7 eV highebinding energy with respect to the
pristine sample suggests that the remaining water is physisoalieel thanchemically
bonded> The additional peak at 533 exbrresponds to the oxygen in the TF&lionl®®
which issupported by the presence of corresponding signals in théFiglise 4-16a) and N

1s, F 1s, and S 2p regiorfaidure 4-16b). The O 1s spectrum could not bewiithout this
contribution.Furthermore, significant signal from the TF& foundonly in the case of the
discharged, i.e. magnesiated samgédsspite extensive washing of the electrode. This indicates,
importantly, that TFSlanions are chemicallyonded to thesurface of the cathode since the
same washing procedumdficiently removed contamination from the electrolyte on the

charged cathodes.

In the charged samplthe Mn 2p/2 peak shifts back to highéinding energyKigure
4-15¢), implying reoxidation of the MspeciesThe lowerMn** concentration (44%han in
the pristine sample (77%3$ consistentwith the irreversiblecapacity observed in the first
discharge. The remaindef the Mn 2p/2 spectrum is fit by 42% M, corresponding to a
birnessite environment, and 14% MnO. Similarly, fle@ygenspeciatiow evolves from a

hydroxide environment to an oxiéevironment close to that observed in the pristine sample.
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Figure 4-15. (a-c) Mn 2p3/2 and (d) O 1s XPS spectra of (a, d) pristine, (b, e) discha

and (c, f) charged Myir/CC electrodegycled in nonaqueous electrolytigs are shown |
color as labeled.
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Table 4-1. Mn 2ps2 multiplet peak parameters for the pristine electrode

Peak B. E. (eV) FWHM (eV) Percent (%) Comments
Mn?* (2psi2) parameters: Mn?* (total) = 2.83%

Mn?*-birnessite | 640.27 0.784 1.04 Multiplet no. 1
Mn?*-birnessite | 641.47 0.784 0.74 Multiplet no. 2
Mn?*-birnessite | 642.27 0.784 0.43 Multiplet no. 3
Mn?*-birnessite | 643.17 0.784 0.31 Multiplet no. 4
Mn?*-birnessite | 644.67 0.784 0.31 Multiplet no. 5
Mn3* (2psi2) parameters: Mn3* (total) = 20.56%

Mn3*-birnessite | 641.18 0.987 4.93 Multiplet no. 1
Mn3*-birnessite | 641.88 0.987 4.93 Multiplet no. 2
Mn3*-birnessite | 642.69 0.987 5.72 Multiplet no. 3
Mn3*-birnessite | 643.71 0.987 3.60 Multiplet no. 4
Mn3*-birnessite | 645.08 0.987 1.38 Multiplet no. 5
Mn4* (2psi2) parameters: Mn** (total) = 76.60%

Mn**-birnessite | 642.63 1.030 36.15 Multiplet no. 1
Mn**-birnessite | 643.65 1.030 23.12 Multiplet no. 2
Mn**-birnessite | 644.48 1.030 11.56 Multiplet no. 3
Mn**-birnessite | 645.51 1.030 3.61 Multiplet no. 4
Mn**-birnessite | 646.53 1.030 2.16 Multiplet no. 5

Table 4-2. Mn 2ps2 multiplet peak parameters for theschargedelectrode

Peak B. E. (eV) FWHM (eV) Percent (%) Comments
Mn2* (2psi2) parameters: Mn?* (total) = 52.52%

Mn?*-MnO 640.50 1.419 12.59 Multiplet no. 1
Mn?*-MnO 641.47 1.419 14.58 Multiplet no. 2
Mn?*-MnO 642.40 1.419 11.58 Multiplet no. 3
Mn?*-MnO 643.30 1.419 6.55 Multiplet no. 4
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Mn?*-MnO 644.50 1.419 2.46 Multiplet no. 5
Mn?*-MnO 646.20 2.923 4.76 Satellite
Mn3* (2psi2) parameters: Mn®* (total) = 47.48%
Mn3*-MnOOH | 641.09 1.294 11.41 Multiplet no. 1
Mn3*-MnOOH | 641.79 1.294 11.40 Multiplet no.2
Mn3*-MnOOH | 642.59 1.294 13.18 Multiplet no. 3
Mn3*-MnOOH | 643.59 1.294 8.31 Multiplet no. 4
Mn3*-MnOOH | 644.99 1.294 3.18 Multiplet no. 5
Table 4-3. Mn 2ps;2 multiplet peak parameters for thkargedelectrode
Peak B. E. (eV) FWHM (eV) Percent (%) Comments
Mn?* (2psi2) parameters: Mn?* (total) = 13.92%
Mn?*-MnO 640.35 0.863 3.34 Multiplet no. 1
Mn?*-MnO 641.32 0.863 3.86 Multiplet no. 2
Mn?*-MnO 642.25 0.863 3.07 Multiplet no. 3
Mn?*-MnO 643.15 0.863 1.74 Multiplet no. 4
Mn?*-MnO 644.35 0.863 0.65 Multiplet no. 5
Mn?*-MnO 646.05 1.779 1.26 Satellite
Mn3* (2psi2) parameters: Mn®* (total) = 42.44%
Mn3*-birnessite | 641.09 1.101 10.18 Multiplet no. 1
Mn3*-birnessite | 641.79 1.101 10.18 Multiplet no. 2
Mn3*-birnessite | 642.60 1.101 11.80 Multiplet no. 3
Mn3*-birnessite | 643.62 1.101 7.43 Multiplet no. 4
Mn3*-birnessite | 644.99 1.101 2.85 Multiplet no. 5
Mn4* (2psi2) parameters: Mn** (total) = 43.63%
Mn**-birnessite | 642.54 1.363 20.59 Multiplet no. 1
Mn**-birnessite | 643.56 1.363 13.17 Multiplet no. 2
Mn**-birnessite | 644.39 1.363 6.58 Multiplet no. 3
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Mn**-birnessite | 645.42 1.363 2.06 Multiplet no. 4

Mn**-birnessite | 646.44 1.363 1.23 Multiplet no. 5
Table 4-4. O 1s multiplet peak parameters

Peak B. E. (eV) FWHM (eV) Percent (%)

Pristine

oxide 530.25 1.164 54.12

hydroxide 531.74 1.887 29.82

water 533.47 1.974 16.06

Discharged

oxide 529.94 1.196 21.51

hydroxide 531.91 1.936 61.79

water 534.13 1.349 3.04

Oin TFSI 532.80 1.689 13.67

Charged

oxide 530.18 1.122 42.60

hydroxide 531.76 1.759 43.46

water 533.37 2.251 13.94
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Figure 4-16. (a) C 1s and (b) typical survey XBPectra comparing the pristine, discha
and charged samplegcled in nonaqueous electrolyghowing contributions from the TF
anion on discharge.

The evolution of the nature of the surface species npagnesiation, as resolved by
XPS, points at @onversiormechanism involving the formation of manganese oxyhydroxide
(MnOOH) and manganese oxide (MnO) as well as magnesiydnoxide (Mg(OH)),

summarized by the following equation:
Mgo.13MINO; + H20 (structural or from electrolyte) xMg?* + 2xe
e (21 0.70)MnO+ (1.707 2)MnOOH + (x + 0.15)Mg(OH)» Equation 4-1

The voltage plateau observedine first section of thdischarge in the three electrode
cell (Figure 4-9) agreeswith this proposed multiphase process. The reversible cafasby
mAh d 1) obtained after conditioning of the electrode &/&0 rate corresponds to about a 0.5
electrontransfer peMn atom. However, the change in the mean oxidation &ateneasured

by XPS) between the discharged and chasgadple, + 2.5 and +3.3, respectively (i.e., a 0.8
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€ transfer), islarger than expected showing that the reaction ogoredominatly at the
surface of the material. This behaviotypical of conversion reactions, where nucleation and
growth of the conversion products take place at the interphase beteleetnode and
electrolyte. Propagation of the reaction to the hslkindere if the conversion product does
not allow for facileMg?* diffusion. Assuming a simplistic twphase model, about 60% of the
active material i®stimaté toinvolve in theelectrochemical procesBespite the nanoscopic
morphology of the active materighe reaction cannot proceedtte core of the particles
implying the formation of an interphatieat does not conduct Mgions. The gradual decrease
of theionic conductivity of the solid interphase gives rise to the slopattgge curve observed

in the second part of the discharge.

HRTEM analysis was carried out to further characterize the species @stharged
and charged states. Tpesitive electrods used were cycled 80 € at C/10 with a carbon
counter electrodand nonaqueous electrolyt® higher temperaturgvas employechere to
push the reaction further tmmpletion so that the products would be easier to track by TEM
where only small area could be sampled each time. As simdvigure 4-17a, capacities oD
210 mAhg! are obtained und#inese conditions, which approximates to a 0.8 electron transfer.
A conditioning process is also required for the cell to achreegimum capacityRigure
4-17b), indicating the same conversiorechanism as observed at room temperature. However,
fewercycles are required to reach maximum capdciy, two cycles a®0 € as opposed to
20 cycles at room temperature) becausthefhigh temperature, which allows the electrode

and electrolyteo reach an equilibrium state more quickly.
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Figure 4-17. (a) Voltage profile and (b) capacity evolution of Mg/CC cycled in 0.25!
Mg(TFSI)/ diglyme electrolyte at C/10 and 90 C.

The EELS spectra shown iRigure 4-18, panels a and b areonsistent with a
conversion reaction. The small changes inakyggen kedge indicate that new oxide species
are formeddn discharge, which agrees with the XPS resultrevbigetransformation from the
layered oxide and structural wateatrix to the hydroxide, oxyhydroxide, and oxide mixture
is observed. The reversible change of the Mgdge intensity anids energy indicate that Mg
oxide is formed at thpositive electrde duringdischarge and consumed on charge, with the
positive charges oMlg?* compensated by the reduction or oxidation of Mn. éreesponding
change in the Mn valence can be evaluatethbyMnL2,3 ratio Figure 4-18a). To a first
approximation, irthe absence of a detailed calibration curveptiserved Mn valends scaled
in the pristine birnessite, which is known lte +3.7 based on chemicaladysis. The Mn
valence decreasés +3.2 upon discharge and increases to +3.5 upon cfriggee 4-18¢).
The difference in these values betweenNhrevalence calculated from the electrochemical

capacities on discharged charge of +2.9 and +3.7, respectivéig(re 4-17a), indicates an

101



inhomogeneous reaction within tipositive electrde matrix. A spatially resolvel EELS
spectra of only theurfacecould notbe achieveawing to the very highly divided nature of
the birnessitelt is expeced that the core remains as unreacted birnessiterexhettion of

manganese proceeds on the shell of the partickes pr evi ou s | YWIn@.E Thilsi r me d
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Figure4-18 EELS spectra of the pristine,

edge and Mn tedge; (b) Mg Kedge. (c) Bar plot showing the quantification of the Mn val
state determined from the3/L2 ratio. HRTEM images of the (d) pristine, (e) discharged

(f) charged cathode materials show their polycrystalline nature.
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the Mn valenceaderived from EELS is the expected average. Finally, the HRTiaMyes
shown inFigure 4-18, panel s dif deasmomaar changeein theloeetall t h e r

morphology of the electrodeaterials during cycling.

4.2.4 Key Factor Determining Mg?* Insertion Mechanisms

Figure 4-19 summaries the electrolyte influence on the?Mgsertion into birnessita\Vhile
facile M@ intercalation takes place in aqueystema conversion mechanism prominently
at the surface of the particles despite their small size is identified in nonaqueous media. Such
differencecan not only result from the sloglffusion kinetics of Mg* ions. Indeed the XPS
results show cleagvidence bthe presence of TFSnions strongly bonded to tearface of

the discharged sample, which suggésat in addition to the formation of thermodynamically
favorable oxides$?* alimiting factor is also the disruption of the ion pairing of #tectrolyte

salt. The high energy of ion pairing in Mg(TFSip diglyme was recently calculated and
measured, showingwell-defined MgO(TFSI) distance 02.08 A, which is smallethan the
distance observed in solids such as MgO (2.1 Ryloreover, the importance of th&0/Mg

ratio in the electrolyt@ather than the overall water concentration showed by this studly
otherg®46clearly links the improvememntf performance to thieill solvation of Mgf* by water
molecules when H¥D/Mg > 6. These findings, together with the APC dissociation process
proposed by calculath® show that soliestate diffusion of Mg might not be the only
penalizing factor when moving from a singly charged ion,(Nia") battery to amultivalent
battery. M@* desolvation at the electrode/electrolyte interphase is equally critical in
determining the M@ insertion kinetics, whichwould furthermore modify the specific
mechanism. The development of new electrode materials for Mg bsittéreeefore, should

also focus on parameters leading to efficient disruption of the ion pairing at the interphase

103



Strategiesuch as employing easitlissociated salt in electrolyte andupling withsolvent

moleculer surface atomef positive electrdewould beappliedto acceleratéhedesolvation

process
H H
H———O
{ intercalation
0 . 4 0 . J
S0 W ~_ 5=
A0 O\
/ \o non-aqueous conversion %

o=Mg @=Mn @=H0 @-=0 N = MnOg octahedral

Figure 4-19. Schematic diagram showing thalectrolyte influence on Mg insertior
mechanism into birnessite.

4.3 Layered Mg2Mo030g

The layered MgzMo30s compoundconsists of MeOs layers with Mg?* occupying both
octahedral and tetrahediaterlayersites(Figure 4-20a), thuspotentially provigésgood Md¢*
mobility due to the nowpreferred Mdg* coordinationt?® Additionally, the Mos clusters exisid
in the MaOs layers Figure 4-200)%81%°would help with charge redistributicemd further
promote Md* diffusion, as suggested for tieéfect oftheMos clusters in the Bevrellattices.>

The Li analogue (LLMo03Og) has previously beeaxamined in a Li cell, offering an initial
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spedfic capacity of 218nAh g*.1%° Other materials with similar structures containivigs
clusters, such as LiMaoand LbMoOs, also function wells Liion positive electrode¥%162
However, only limited work has been done on Rigintercalation in Meoxides>*163:164
motivatingthe examination othe M¢f* diffusion properties itMg2Mo3Os and its potentiahs

apositive electrodenaterialfor Mg batteries.

a b

Mo, clusters

Mg[oct]
Mg[tet]

Figure 4-20. (a) Crystal structure of Mfy1030s. (b) MoGs octahedra layer showing Mo
clusters.

4.3.1 Synthesis and Characterization

Mg2Mo30g was synthesized by heatitigewet ball milled (ethanol as solverit)l mixture of
MgO and MoQ at 1000 € for 12 hours under Ar flow. The smalinount of MgO impurity
was washed away with 1M HCThe structure of the product was confirmedttyRietveld
refinement? of the XRD patterr(Figure 4-21a and Table 4-5). The obtainedparticleshave

well-defined edges and are around 21 i n(Figsire 424b).
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Figure 4-21. (a) Rietveld refinement fit and (b) SEM image of pristineoMgsOs (Bragg
Brentano geometry, black crossesxperimental data, red linésfitted data, blue ling
difference curve between observed and calculated data, green tiek8ragg peak positio
of the Mg@Mo30g phase.

Table 4-5. Refined parameters for pristine MdozOs (Space group P6smc a=5.76375(4)
A, ¢=9.89549(8) Ac® = 4.39, BragdR-factor = 2.22)

Atom Wyck. X y z Occ. Biso (A2)
Mo 6c 0.14639(4)| 0.85361(4)| 0.250(5) | 1 0.050(4)
Mgl 2b 0.33333 | 0.66667 |0.948(5) |1 0.43(4)
Mg2 2b 0.33333 | 0.66667 |0.513(5) |1 0.43(4)
o1 2a 0 0 0.397(5) |1 0.13(3)
02 2b 0.33333 | 0.66667 |0.142(5) |1 0.13(3)
03 6c 0.4881(4) | 0.5119(4) | 0.371(5) |1 0.13(3)
04 6c 0.1682(6) | 0.8318(6) | 0.632(5) |1 0.13(3)

106




4.3.2 Chemical De-Magnesiation

In order to study the possibility of Mg removal from such a structure, chemical demagnesiation
was carried out using NBF4, a commonly used oxidizing agent for chemical delithiatfon.
Mg2Mo30g were added to 0.2 M NiBF4 in ACN solutionata 14 ratio and stirred for 1 day

in an Arfilled glovebox at room temperature, which would allow complete Mg de
intercalation with each N£BF4 sustained a one electron reduction as anticipateslproduct

was filtered and washed wikCN.

EDX reveals tht the majority of the Mg was removed from the structlieble 4-6).
At the same time, the particles become smalleerademagnesiationF{gure 4-22b),
suggesting some changes in the material. Despite these differences, thesXiR&howno
shift of the peaksRigure 4-223). The atomigositions obtained by Rietveldfinement? are
almost the samasthose of the pristineand no change on the Mg occupancies is observed
(Table 4-7 and Table 4-5), suggesting that twophase reaction takes place, with the
demagnestad phase being amorphoiuring this process, Mg is presumalbisst removed
from the outer shell, leading to the destabilization of the parent lattice and eventual

amorphization.

The anount ofthe amorphous phase in the demagnesiated prodtiengstimated
usingsiliconas an external standaXRD was carried out on a mixture ©0:0.1 weight ratio
of th demagnesiated materiahd Si, and refinement results ia weight ratio of 0.54:0.46
betweenthe crystallineMgMo030s and Si (Table 4-7). This corresponds tabout87 wt%
amorphous phase in the produwgitiing an overall composition dflgo.2aM030s assuming no
Mg present in the amorphous phase. Such valsanilar to the cabnic ratio determinetby

EDX (Table 4-6) and indicates complete demagnesiation oatherphous component. The
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13 wt% unreacted MdylosOg results from the reduced oxidizing strength of2B&, exhibited
near the end of the reactialue to low oxidizer concentrationy other side reactionfhat

consumed the oxidizer

Table 4-6. EDX results for chemical demagnesiation of Mi@zOs

Sample Pristine Partially demagnesiated | Fully demagnesiated
Mg/Mo 1.59(4)/3 0.53(4)/3 0.13(6)/3

¥ MgyMo;Osq: Si: a
A P6;mc Fd-3m
a=5.76446(6) A a=5.43175(6) A
c=9.8969(2) A Rpaqq =4.02
Rgragg = 4-27 X2=4.99

Intensity (a. u.)

(A L O RN N NAN LT IRNIE LR
| [ R I R A B N I |

20 40 60 80 100 120 140
20 (degrees)

Figure 4-22. (a) Rietveld refinement fit and (b) SEM image of fully demagnesiated/d¢gDs
(DebyeScherrer geometry, black cros$esxperimental data, red linéditted data, blue lin
i difference curve between observed and calculated dataj titblesBragg peak positions
Mg2Mo03Og (green) and standard silicon (pink). The broad humpbisc&ground signal fro
the X-ray capillary).
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Table 4-7. Refined parameters for a mixture of 90 wt% fully demagnesiated/iekg§s and
10 wt% silicon standardsf = 4.99).

Atom Wyck. X y z Occ. Biso (A2)
Mg2Mo30s, S.G. =P&mc, a = 5.76446(6) A.c = 9.8969(2) A, 54.0(6) wt%, BraggR-
factor = 4.27

Mo 6¢c 0.14632(8)| 0.85368(8)| 0.250(6) |1 0.071(6)
Mgl 2b 0.33333 | 0.66667 |0.949(6) |1 0.50(6)
Mg2 2b 0.33333 | 0.66667 |0.513(6) |1 0.50(6)
o1 2a 0 0 0.397(6) |1 0.21(4)
02 2b 0.33333 | 0.66667 |0.143(6) |1 0.21(4)
03 6¢c 0.4880(9) | 0.51204(9) 0.371(6) |1 0.21(4)
04 6c 0.172(1) |0.828(1) |0.632(6) |1 0.21(4)
Silicon, S.G. =Fd-3m, a= 5.43175(6) A, 46.0(6) wt%, BragdR-factor = 4.02

Si 8a 0.875 0.875 0.875 1 0.527(6)

Partial demagnesiation from tiMg2Mo030g structurevas not achievely reducing the
amount ofoxidizing agent (MgMo030s:NO2BF4 = 1:2), as indicated by th@eservation of the
initial phase obtained by XRD fieement(Figure 4-23a and Table 4-8). Together with the
decrease of theverall MgMo ratio to~0.53(4)/3(Table 4-6) and the ceexistence of different
morphologiesigure 4-23b), theresultssuggest that part of Mil03Og undergoes complete
demagnesiation and becomes amorphhike the resfraction ofmaterialdoesnot participag¢

in the reaction
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Figure 4-23. (a) Rietveld refinement fit and (b) SEM image of fully demagnes
Mg2Mo30g (DebyeScherrer geometry, black crossesxperimental data, red linésfitted
data, blue ling difference curve betweerbserved and calculated data, green tickke
Bragg peak positions. The broad hump is a background signal fromrénecépillary).

Table 4-8. Refined parameters for partially demagnesiated\ibgOs (space group 6smc
a=5.76384(9) Ac=9.8960(2) Ac® = 4.82, BragdR-factor = 3.65)

Atom Wyck. X y z Occ. Biso (A2)
Mo 6c 0.14626(5)| 0.85374(5)| 0.250(8) | 1 0.059(4)
Mgl 2b 0.33333 | 0.66667 |0.950(8) |1 0.42(4)
Mg2 2b 0.33333 | 0.66667 |0.512(8) |1 0.42(4)
o1 2a 0 0 0.396(8) |1 0.27(3)
02 2b 0.33333 0.66667 0.146(8) |1 0.27(3)
03 6c 0.4886(6) | 0.5114(6) | 0.369(8) |1 0.27(3)
04 6c 0.1747(8) | 0.8253(8) | 0.633(8) |1 0.27(3)
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First principles calculatiorwas then carried out to explain tl@morphization(in
collaboration with Dr. Ceder group in LBNEJ® The energy abovthe convex ground state
hull (EM") of the MgMo30s structuresvas calculatesvith respect to the stable compounds in
the MgMo-O ternary phase diagram, so tsevaluate the thermodynamstability of
demagnesiatethaterials!®%1% Typically, a thermodynamically stab&ructure will have an
E"! of 0 meV per atom, while morgositive B! values indicate a greater driving force to
form other phasesNote thatE™! values are evaluated at 0 K and entragintributions can
stabilize a structure at higher temperatuBssed on available compounds in taterials
Project databasé®’ increasing E“' values are obtained with more Mg removal from
Mg-Mo30g (Table 4-9), demonstrating an increasethre thermodynamic driving force for
decompositionThe high E™" values at lower Mg concentrationsuld be responsible fahe
amorphizationduring chemicaMg extraction from MgMo3Os, which isalsoin consistent

with the naturally amorphous occurrence of iDg.168169

Table 4-9. The B values (in meV per atom) and the corresponding decomposition prc
are listed as a function of the Mg content in thes®kostructure, as obtained from ti
Materials Project database. The comments column indicates available experi
observations.

Composition ghull Decomposition products | Comments

Mg2Mo30sg 51 MoO; + MgO Chemically synthesizable
MgMo30s 180 MoO; + MgMoOy -

Mo030sg 330 MoO2 + M0gO23 Natrually amorphous
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4.3.3 Electrochemical De-Magnesiation

Since the degree of chemical oxidatits hard to controlthe stepwise demagnesiation
behaviorwasattempted to evaluatey an electrochemical method. As it has been suggested
that the Mg desolvation process depends on the so#&nt’* and is critical for the
electrochemical mechanism at tipesitive electrode(Section 4.2),*"8 Mg.Mo30s was
examined in both neaqueous(APC) and aqueous (Mg(CKp in water) systems. A
demagnesiation voltage similar to the delithiatioitage of LiM03Osg (average of- 2.4 V vs.
Mg) 1% or at~ 2.6 V aspredicted byfirst principles calculatidfi® would be expectedvhich
could be stably offered Hdyoth electrolytesHowever, no electrochemicattivity is observed
in either systemRigure 4-24). Such resultpotentially indicate the existence of a high®g
diffusionbarrier in the structure, hence kinetics being the main limitafilbemical oxidation,
on the other hand, might inlve a mechanism other than simple cation diffusion, such as
partial dissolution/rgrecipitation process. This helps liowering the kinetic barrier and

establishes successful Mgmoval.
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Figure 4-24. Electrochemistry of MgMo30sg (a) casted on Mo current collector and testt
0.4M APC, and (b) casted on Ti current collector and tested 0.5M MgGiQvater at C/2
rate (LMd@*/Mg2Mo30s in 20 hours) and room temperatushowing no activity.
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4.3.4 High Barrier Dumbbell Transition State

To evaluatethe Mg?* mobility in the MgMo3Ogs structure, the activatiobarriersof possible
Mg diffusion hops were investigated by first princgéalculation (in collaboration with Dr.
Ceder group at LBNL)The shortest hofhop 1)involves Mg migration from a tetrahedsate
to anoctahedral site (ovice versa within the same Mgplane(Figure 4-25b), constructing
2D Mg?* pathways between the MDs layers. Alternative hop(hop 2)requires Mg going
across the Malane to the adjacent Mgane. Figure 4-25a shows the calculated Mg
migration barriers (atwg ~ 2 with a dilute vacancy limit) along the pathwaysall energy
difference of eound 250 meV is obtained between tegahedral tarting) andoctahedral
(ending)site in agreement with the nepreference Mg occupatian the structureHowever,
it is notable that relatively higlactivation energieare obtained for both hoggs 1200 and
2000 meV, respectively)xonsideringa diffusion barrier of 525 ~ 650 meV is normally
required for bulk Mg mobility at reasonable rat&sThe abovel eV barrierswould readily
lead to sluggish Mg diffusion in the Mg2MosOs structure explairing the mor

electrochemical performance

While the high barrier fathecrossplane hop is due to the strong electrostatic repulsion
that Mg experiences from Mo atoms as it passes through a triangular face of oxygen atoms
across the MgDs layer, acloser lookto hop 1 is required to understand therge barriers
Figure 4-25b showsthe representative intermediate sitegth the corresponding energies
labeledin Figure 4-25a. Although site 3 (triangulaface) has an energy 6f685 meV with
respect to theéetrahedral site (similar te 600/ 800 meV observed in oxidgpinel$®?), the
magnitude of théarrier is determined by sitenthere Mg is situated along an O bond (edge

of the stablgetrahedron), in a dumbbell doguration Significant increase of the distance
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between two oxygens is required to fit in a Mg; however, this is difficult in a rigid solid
structure.Previous evaluationsf Mg migration through an i@ dumbbell hop for layered
NiO2 have reported high barriers {400 meV)?°similar tothe presentesult.An alternative
pathway(Figure 4-25c) which wouldavoid he OMg-O intermediate state does not result in
a decrease of energy barri@ither The new intermediatéetrahedronsite (yellow) that
generates is faeghared with #00s octahedrorflight blue)and experienaestrong repulsion.
Indeed, calculations relax to a pathway similar to thRIg2O hop with a similar barrier (~
1150 meV)Such absence of low energy pathways for Mg diffusion in theMdgOs structure

is respondile for itspoor electrochemistryl.he resultsuggest the importance of intermediate
sites along a diffusion patihich isdetermined by the specific topology of cation sitethan
lattice, in addition to the occurrence of the mobile cation with apneferred coordination

anda preferentially coordinated metastable $ife.
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Figure 4-25. (a) The activation barrier for Mg diffusion along hops 1 and 2 in theMdgOs
structure, with the normalized path distance on Hagig. (b) A closer view of hop 1, whe
the numbered circles correspond to various intermediate sites along the hop as labe
The intermediate tetrahedral site, which is edigaring with thestable tetrahedral site (gree
is indicated in yellow. (c) An alternate pathway for hop 1 that involves intermediate oct
(dark blue) and tetrahedral (yellow) sites, which are-&w@@ing with the stable tetrahec
(green) and octahedral (orang#es, respectively. The intermediate sites in (c) also sl
face with the Mo@octahedralight blue).
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