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ABSTRACT

Sodiumion batteries could offer an economical and environmentally friendly
alternative to lithiurAon batteries, howevemany challenges mute overcome first.
The need for innovativenegdive electrodematerials for sodiuron batteries is of
paramount importance as graphite, the most highly nsedtive electrodenaterial in
lithium-ion batteries, intercalates sodium to an insignificant degree and other current
negative electrodenaterids do not perform satisfactorily.This work focuseson the
investigation of layered sodiutitanate phase systemas electrode materials in Nan
batteries specificallyNakMxTi1-xO2 whereM = Cr or V.

The layered systems are of great importance foe tdevelopment of not only
traditional positive electrodematerials but novel negative electrodematerials for
sodiumion batteriesas well Thehigh capacityand ease of sodium intercalation of these
layered systems make them prime candidates for impittien in sodiurrion batteries.
The gravimetric capagitof these materials was found to directly relate to the number of
vacancies within the layered structure. Aacancy limit of ~0.4 was determindadr
these sodium based layered oxides. To irsrdhecapacity, thenumber of vacancies
needs to be increased. Twuoethods were employedb increase vacancies in
intercalation materiaJshamelythe investigation ofulfide and potassium analogues, to
varying degrees of success. The potassium anefgd to preliminary studiesf

materials for potassiwion batteries, such as graphite an€C&O;.
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CHAPTER 1 INTRODUCTION

1.1 Context

Secondary lithiumon batteriegLIB) havebeenmeetingthe energy demands of
portable electronicand been thedominant means to ste energy inthis industryfor
decades They have more recentlgonqueed energy storagdor the electric vehicle
industry. Battery electric vehicle@BEV) in Canadaoday that use lithim-ion batteries
include, but mayot belimited to,the BMW i3, Fard Focus Mitsubishi FMIEV, Nissan
LEAF, Tesla Model SKia SoulandChevrolet Sparkl]. Lithium-ion batteriesare even
being utilized inmanygrid energybatterystorageprojects[2]. This means thatnergy
storage systems based lithium-ion batteries have a very diversgnge of sizes and
usags. Lithiumion secondary batteries provide the devidescribed aboveith energy
densites ranging from jusa fewWatt hours to mega¥tt hours. Typical laptop batteries
havean energy densityangng from 30 Wh to100 Wh.BEVs, on the other handave
capacities in the range t#ns of kWh RNissan leaf24 kWh, Tesla model &s high a85
kwh), while dectrical grid gplicatiors using large lithiumion battery systems have
capacities onhescale ofmegawathours [1].

The amazing characteristics ladhium-ion batteries havéed to this wide spread
and varied use. They displayigh energy densities (~D6Wh/L) andlong cycle life
(>1000 cycles]3]. There is aother factobesides their superior characteristicat has
driven the implerantation of LIBs in certain applicationsGovernments have recognized
the importance of limiting greenhouse gas emissions as globalimgafore@sts have
become dire. Thay many governments have set aggressive targets for carbon dioxide

emissionreduction. Road transporthas beerseen asa large contributor t@mission



volumes salevelopment otlectric mobilityhas been emphasizé$]. Electric mobility
offers the possibility to substitute oil with a wideriety of renewableenergy sarces,
with batteries providing means to store this energy

This unprecedentedse of LIBs rases thequestion ofwhether future lithim
resources and reservagailability can pose a threat toe BEVindustry. Analysesthus
far are unclear as to whethttre availability of lithium will meet future requirements
even though several assessmentshaeen performed over the past few yehithium
resource estimates vaiyeatly rangingfrom 19.2 Mt, to 71.3 M{5]. This thesis
operates under the assumption titatum mineralresourcesould possibly become an
obstacléaf lithium-ion bateries continue to be&idely usedn theBEV industry and most
certainlylithium resources will be inadequatdithium-ion batteries are widely used for
grid energy storaggs]. If this is thecase,thenindustry wouldjust be replacing the
depletion of fossil fuels by the depletion of another -remewableand insufficient
resource.The effect of the increased use of lithium ie 8EV market has already been
seen, where the price of battery grade lithium carbonate has increased by a factor of four
since 20157].

Sinceit is thought thatithium will simply be too raren elementor LIBs to be
used forwidespreadarge scale energy storagourposesdgifferent high energy density
batterychemistries which are derived froabundantlementsare needed Nowhere is
this more importanthan in theintermittent nature of renewable energy sources, such as
solar and windpoower. S$istainableelectical energy storageechnologies for stationary
applicationsare requiredSodiumis truly an earth abundantlement, beingibiquitous

around the globas the6™ mo s t abundant el e m@n tSodiunmis t h e
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found in high concentr at i vastsona mneral deposisor | d 0

from which sodium carbonate is derived.

Sodiumion batteris (NIBs) have shownpromise as analternate battery
chemistry to lithiumion, even though they remain relatively unproénlO]. NIBs
operate upon the same rocking chair madma as lithiumion batteries. Indeed,much
like lithium, intercalation compounds exist where sodigan be electrochemically
intercalatedand deintercalatefl1,12] However, at this timeéheir energy densitand
cyclahblity must be increased for practical usklost studies have focused talf-cell
cycling versus sodium metal. Future work needs to concentrate on constructoegl$ull
for testing, which more closely simulate commercial battery operation.

While stil in its early stagesodiumion battery researdhmasthe potential to yield
solutions forlarge scaleenergy storage Sodium compounds usually fornerystal
structuressimilar to their lithium analogues with small differences in lattice parameters.
However, in some cases they form completely different struc{d®js This presentthe
opportunity for uniqgue sodium inercalation electrodemaerials with innovative
chemistrieghatcould yieldhigh energy densitge

A major cost advantage comes from the fact g@dium will not alloy with
aluminum current collector float low voltages, whereas lithium doesHigher ost
copper foil of thenegative electroddypical in lithiumion cells,could be exchanged for
lower cost aluminum foil. Further cost improvements could be made by substithigiy
cost transition metais the metal layer of MO- positive electrodg such as cobalfor a
low cost metal like iron, which is appreciably electrochenycattive in NIBs but not

LIBs[14].



1. 2 Obijectives of this Research

Appropriate positive electrodematerialsfor NIBs have been found thdtave
sufficiently high capacity anénergydensity withgood cycle life[12]. Unfortunately,
the same cannot be saidrigative electrodmaterials. The gaphitethatis commonly
used asa negativeelectrodein LIBs, does not intercalate dmwm to any appreciable
extent [15,16] For this reason,research on NIBnegative elecbde materials have
focused on hard carbon and alloy type materials. Each of hiassiéschallenges.Hard
carbon has been shown to reversibhtercalate sodium, but has ralatively low
volumdric capacity due to its low densitfo make matters worsaost of this capacity
occurs at low voltages (<50 mV) where sodium plating could lead to safety iksaks
are over charged or discharged at high ratdiy-based negative electrodeave been
reported and although they have large capacities theryd to havelarge volume
expansion and contraction during cyclimghich leads ¢ poor columbic efficiencies.
Practicalnegative electrodmaterials are clearly needed for the implementatioNIBfs
[15].

For thisreason,the primary goal of this work wat design synthesize and
characterizenew high energy densitgegative electrodenaterialsderived from earth
abundant, low cost and sustainable elemtntgelp accelerate theatnmercialization of
NIB materials Target aplicatiors includebatteries fotarge format energy storage, such
as BEV and grid storagein addition to having high energy density these new materials
need to displayhigh Coulombic efficiencies anébng calendar anaycle life (>1000)
Low hysteresiseven at high current rates is aldesirable These metrics will be

explained later in the text.



Layeredintercalationmateriat were the principamaterial type investigated in
this thesisfor these negative electrodes, dkey traditionaly meet the aforementioned
requirements, due timeir good ionic and electrical conductioiThis projectspecifically
investigatel the NaMyTi1yO> phase systemas theydisplay appropriate voltages for
negative electrodein NIBsdue to the presence of the"TTi®* redox coupleA key goal
was to ircrease the capacities of these matesalthat they could compete with current
LIB negative electrodenergy densities. To achieve this the number of vacancies needed
to be increasedTo increase the number of vacancies in these mateddtsus straggies

were employed anthey will be the subject of the latter halfthis thesis.



CHAPTER 2 BACKGROUND
This chapterdescribesthe fundamentals oboth lithium-ion and sodiursion
batteries Differences between the tware alsohighlighted as these differencesnclae
exploited as a source of innovative material possibiliti€his chapter also includea
description ofthe mechanisms of sodiusilectrochemical storage amadcomprehensive
literature reviewof negative electrodandpositive electrodenaterialsfor NIBs. A great
majority of electrode materials are layered structures, thus the end of this cloapaars

an explanation of these structure types along with their particular nomenclature.

2.1 Lithium -ion Batter y Properties

SIBs operate through a radkg chair mechanism, as ddBs. LIB chemistry will
be used tantroduce the subjeatiue to this similarity LIBs consist of three main
components: @ositive electrodea negativeelectrodeand an electrolyte Other major
components include separatasd current collectors Figure 2.1 shows a schematic

diagram of a LIB
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Figure2.1: Schematicdiagramof a Li-ion battery. A graphitenegative electrodanda lithium
metal oxidepositive electrodeare shown. Lithium, transition metal, oxygen and
carbon are depicted by green, grey, red and black spheres, respectively.



The rocking chair mechanism refers t
back and fah between the positive ametgative electrode duringstdiharge and charge
The positive electre is a material thatontains lithium ionsas madewhich canthenbe
removed electrochemicallguring charging.They also contain otheelemens with
multiple oxidation states. When lithium is removed electrochemically from the positive
electrodean electron isalso removed while one of the othelemens oxidizes to
maintaincharge neutrality. Mogpositive electrodematerials in use today atghium
trarsition metaloxides, as they tend to have high voltagessus lithium metal. The
negative electrode is usually graphtéich can accept lithium ions into its layers and
electronsinto its band structureduring charge The electroly¢ is usually an orgac
solvent with dithium saltsolutewhich provides lithium transport and diffusion between
the positiveand negative electrodes. There adelitionallycurrent collectors which act
as a medium in supplying electrons to electrode active materials lisexternal ctuit
or converselydelivering electrons frorelectrode reactions to the external circhietals,
such as coppenégative electrogeor aluminum positive electrodg are commonly used
as current collectors due to their high electronic cetidity, electrochemical stability
and ease of fabrication. Another integral component in LIBs iséparator which is
typically athin microporous polymer filn{polyethylene or polypropylendhat allows
the passage of ions while at the sameetimeirg electrically insulating to prevestort
circuits from occurring between the positive and negative electrodd$ie separator
prevents physical contact between theegative electrodeand positive electrode

effectivelyfiseparatingthem from one another.
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The most widely usedithium-ion positve electrode materials are those with
layered oxidecrystal structures. Layered lithium transition metal oxides typically adopt a
hexagonal structure with the general chemical formulQ4, where M stands for a
single transition metal or a mixture of transition metal$hese structure tgs are
visualized inSection2.3, Layered Structures for Sodium Intercalatioh distinct set of
Bragg peaks is observedr these materials iiX-ray diffraction (XRD)experiments
These peaks allow one to obtain lattice parameters and atomic positions that describe the
unit cell, and hence, the material's structure. The chemical composition of the positive
electrode has a significant effect on its functionality and propertiesditerent
combinations of transition metals can change the capacity, voltage and thermal stability
of constructed cells.

LIB technology actuallyncludesa family of battery chemistries that empdoy
various combinations afiegative electrodand positive electrodemateials, each with
varying structures. Each of the combinations oHdwantages and disadvantages in
terms ofcost, lifespan, performance, safety, specific power, and specific el@ftgy a
battery perforns well in only some of these mets, while performing poorly in the
others. For examplea NCA positive electrodehas a high specific power and is
appropriatelyused inTeslaBEVs, while NaFePQ is has a lower cost and longkie

span thusit is being incorporateoh batteriedor grid energy storage

2.2 Sodium -ion Battery Properties
Batteries couldalsobe based on other meiah systems instead of lithiufd 7
19]. Other metals of terest today includsodium,magnesium, aluminum, potassium

and calcium[20i23]. Considerableresearch is being othe to find appropriate



electrolytes and electrode materials for these alternate-raptahemistries.One of the
advantages of changing the metah is that some of thesmetalshave much more
energy per unit volume thalithium metal [24]. Batteries bask on these metals are
predicted by theory to store sigwm#intly more energy than lithivion batteries. For
these alternative metadn battery chemistries lithium ions are simply exchanged for
another metal ion such as sodium iomM$IB research actuallbegan alongside lithium
ion work in the early 129 8nérgysensitpftlithinmaami s hed
materials. In fact an example of a sodiwion full cell was published in early 1989, a
couple ofyeass beforethe first @mmercialized lthium-ion batteriesof SONY appeared
[25]. Sodiumion batterieshave sincereemerged as fears of lithium sustainability have
surfaced.

There areobvious differences betweenthium and sodium ions, howeveaheir
chemistry is somewhat similaas they aran the same group of the periodic table.
Perhaps the mogignificant differences are their atomic weightand ionic radii. The
atomic massesf sodum and lithium are 22.99 g and 6.94 g, respectivelye fRdius of
Na' is 1.02 A and the radius of Fiis 0.76 A, when their coordination number is six
These ionic radii values are taken from Shanj). These are effective radii, which
are a selconsistent set of radii uséd predictionic crystal structureby Pauling's rules
These radii indicate th&ta" is larger than Liin mostionic solids.

This size difference could pose challenges for sodiuratteries in several ways.
Theoretical gravimetric and volumetric capacities would be lower for sodium than
lithium. This is exaggeratedvhen the pure metals are anatgz However, when

comparingprototypical materials such as layered oxides the differences are manageable.



For example, NaCofand LiCoQ have theoretical gravimetric and volumetric capacities
of 235/273 mAh/g and 1190/1390 Ah/L, respecti@ly The differences here are both
only <15 % because the alkali metal mass and volume only accounts for a small
percentage of the totglositive electrodenass/volume Furthermore, the tolerance of
alkali extraction amount is greater for sodium thi#mum. The larger size of sodium
enables more sodium to be extracted while maintaining structural stalstiishaps the
largest drawback ishe inherent voltage differendbat is observed for these types of
layered positive electrodematerials Sodum containing layered oxides display an
average voltge that is typically d V lower than its lithium counterpafi3]. This is
typically explained by the voltage difference between sodium and lithium electrodes
versus the SHE in different electroly{@s].

These differencesould also be advantageous in a couple of walie larger
size of sodium leads to increased flexibility for materials design. This is likely due to the
fact that there is a larggze difference between sodium and first row transition metal
ions. This can cause sodium to separate more readily into its own ifayegrtain
structuresor adopt differing geometries compared to other smaller metal iDinsrefore,
the sodium layereadxides are quite easily synthesized compared to the lithium ones,
indeed it is common practice to ion exchange sodium for lithium during materials
processing to obtain new lithium insertion materiddat are otherwise unattainable
Furthermore, the stomural chemistry b sodium compounds is muchicher and
complicated than lithion. There exist many polyanimompounds and natural occurring

minerals based on sodium, with very few based on lithium.
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The most striking advantage likely comes from sodium bBndt h iLawimd s
acidity. As both share the same charge but lithium is drastically smaller, lithium has a
relatively high charge dengit This results in lithium tendg to accept or share more
electrons than sodium, in order to be energetically stafiliz The two main
consequences of this are the larger energy of desolvation in electrolytes and higher
activation energy for ion diffusion in layered oxides for lithium than sodkOh Both

of these consequencesuldlead to enhanced battery performafaeNIBs over LIBs

2.2.1Sodium Storage Mechanisms

There ae three distinct way$o store somim in sodiumion battery materials
namely iriercaldion, alloy andconversion reactionsEachhasits own advantages and
disadvantages, as the dissimitaechanisms lead to drastic differences in galvanostatic
cycling curves and electrode charactersstic

An intercaldion reaction mechanism is where sodium atomsirserted and
extractedor vice versafrom lattice siteswithin the crystal structure of the electrode
material. Thespecific lattice sitesusually form tunnels or layers. This type of
mechaism leaves the original structure relatively unchanged, with very little volume
change.Intercalation mechanismsan further be separated into a solid solution or
biphasicreactiors. During a solid solution reactipthe sodiated and desodiated phase
remain the same structure with minor changes in lattice constants. This results in a
slopingpotentialprofile due to theGibbsphase rule In a biphasic reactiosodiation or
desodiation results in phase separation amnstanpotential profile accordimg to the

Gibbs phase rule. The fact that sodium intercalates into vacant sites within these
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materials leads to little volume change, which in t@sults inlong cycle life with little
polarization. A drawbackto intercalation materials that becausthey u specificsites
within their crystal structuréor Na insertionthere is limited space for sodium and thus
capacity is limited to no more thai250 mAh/gor ~1250 Ah/L Examples of these types
of materials include NMO> positive electrodematerids, as well aditanatenegative
electrods.

During an alloyng reaction sodium is stored by forming an alloy with the host
material. This leads to destruction and reconstruction of the framework strig8lire
Alloy reactiors are of the type described BEguation 2.1

(2.1)
GO GO O § GO

whereM = Sn, Sh, Pb, or P and whamany moles of sodium can be stored per mola of
host materiglsuch as tinwhich leads to capacities as high~-&)00 mAh/gor ~1500
Ah/L. However, because so much sodium is reacting volumeges as high as 500 %
are possible. These changes in material structure lead to poor cyclability and high
polarization of the electrode material. Examples of sodium aflaterials include Sn,
Sb,Pband P, all of which areegative electrodmaterialsfor sodiumion batterie§29].

In conversion reactions sodium remetith another material, where significant
bond breaking occursia displacement chemical reaction€Equation 2.2 shows an
example conversion reaction of sodium with cobalt oxide.

2.2)
c0w 0€0©° 00 0 €

As in alloy materials, many moles of sodium can potentially be stored per mole of host

material. This gives materials with this type of mechanism capacities asship0@
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mAh/gand~4000 Ah/L Once again, due to the significant bond breaking and reforming
cyclability is poor and huge hysteresis is observed for these types of materials. Typical
conversion materials are binary transition metal oxides that operatgasve electrode

materials in NIB [30].

2.2. 2 Positive E lectrode Materials for Sodium -ion Batteries

Positive electrodematerials typically have a voltage greater than 2 V versus
sodium metal. There are many material types that can functiposés/e electrode in
sodiumion cells. However, the twmost common groups under intense study include
the polyanionic phosphate compounaisd oxides. The first studies of sodiuion
electrodes concentrated on,NiD. materials, wher@ = transition metal.Much of this
early work was performelly the Delmas la in France dung the early 1980and has
been revisited by in recent years by other researcl@ms. such example is NAO>. In
1983 the Delmas group elisated NaTOD. as a sodiunion battery electrode material
[31]. Their results showed that only a snathiount of sodium, 0.80le percentcould
be reversiblydentercalated fronNaTiO. using 1M NaClQin propylene carbonates an
electrolyte. TheNaTiO, was studied again in 20B¥ the Ceder group at MIT and they
were alte to reversiblydeintercalate 0.%f the sodiumwhich corresporgito a reversible
capacity of 152 mAh/@r 740 Ah/L, using 1M NaPF in ethylene carbonatdimethyl
carbonatg1:1 v/v) electrolyte [32]. Much improved cycling and good rate performance
was achieved.The improved results of the Ceder group compardtieédelmas group
werelikely due to the difference in electrolytes used.

In the case of phosphates, the besivkin example iNaFePQ. NaFePQ can be

of two distinct structure typesnaricite or triphylite. The maricite type works very
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poorly as an electrode material as sodium ions are isolatbdh the structurevhich
leads tohigh energy diffusion barriers. The triphylite structure is obtained via ion
exchange with LiFeP© Almost all of the sodium in this compound can be reversibly
cycled with a gavimetric capacity of 12%nAh/g and an average voltage of 2.7 V
Unfortunatey, because of its low densityiphylite LiFePQ haslow volumetric capacity
[33].

The most studiedoositive electrodematerial group for sodiusion batteries
consists othe khyeredoxides NaiMO.). These oxidegossess various crystal structures
and display high voltages vessaodium metal.The first example was published in 1981
by theDelmas group Theydemonstrated that sodium could be reversitdptercalated
from NaxCoO, usingsodiumhalf-cells [34]. Since that timenost of the NaMO- oxides
of the first row trangion metals have been studiadd restudieclectrochemicallyin
sodiumhalf-cells: NaTiOz [31,32], NaV(O; [35i 37], NaCrQ [38i 41], NaMnQ [42,43]
NaFeQ [14,44], NaCoQ [34], NaNiO, [38,45], and NaCu®@ [46,47] Most of these
layered compounds allow only 0.5 of the sodiwrbédeintercalagd from the structure
with an average of 120 mAh/g or less capacitypically, the voltage curves for these
materials slopeor stepseverely and have l@v average voltageé-0.5 V) than their
lithium counterparts.

There is an interestg trend in the voltage versus sodium metaheseO3-type
NaMO: materials(the different structure types are defined later in se@i8n Layered
Structures for Sodium Intercalatiprwhere up to half of the sodium is removedeTh
average voltage verswsodium metal increases one goes from left to right across the

first row transition metals in the periodic tabl€igure 2.2 shows this trend where the
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more d electrons the transition metal has the higheatbeage redox pential {oltage

for desodiation This only holds true for the early first row transition metals, Ti, V and
Cr. However, it is widely acceptexs general rulethat a later transition metal exhibits a
higher voltage, Ti <V < Cr < Mn < Fe < Co < Ni, atithta higher valence transition

metal exhibits a higher redox potential2MNi3* < Ni®*/Ni**,
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Figure 2.2 The average redox potential for desodiation of-KEMO; versus sodium metal.
Errorbarsshe t he voltage x0O aM3x34,35/8243,450Styled O
after Referenced8.

These general rules are thought to be due to the fachthatamic radiof atoms
decreases going from the left to the right of the periodic table. As the radius of the
element becomes smallergetielectronegativity and ionization energiasrease Thus,
the first row transition metalwhich possess the same charge haveerogidizing power

from the left to the rightfathe periodic tablegue to the decreasin@tomic radius.
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Due to the differences between sodium and lithium more layered first row
transition metal oxides are electrochemically active versus sodium thamli For
instance layeredLiMO, whereM = Cr and Fe display very little to no capacity versus
lithium metal. The sdium analoguesof these materialxan be cycled with stable
capacityversus sodium metal. €hfact thatthe lithium analoguesannot becycledis
thought to be due to transition metal migration. At higher voltages some transition
metals can migrat@om their layer to the alkalayer. This is an irreversible process and
therefore on subsequent cyckagnificantly lessalkali will be intercalated back into the
host structure and capacity decreases rapidly. Due to the difference in size between
lithium and sodium, they prefer different crystallographic sites. Both will adopt the
octahedral geometry but sodium and lithium prefer prisimatid tetrahedral sites,
respectively. Unfortunately, vinen lithium is in tetrahedral sites it can stabilinsition
metals that migrate to the alkali layavhich is undesirableas lithium ion diffusion is
severely reduced as a resulhe stabilizaton of transition metals by this mechanign
referred to as wimbbell stabilization43,48] This is another key difference between
sodium and lithium chemistrin these layered oxide type materials where sodium has an
advantage

More recent studies haw®ncentratecbn sodium mixedransition metal oxide
materials. This isvhere the occupants of theamisition metal layer can be substiit
while maintainig the total transition metal to oxygen stoichiometgnd charge
neutrality. This allow for cafeterigpositive electrode where one can pick and choose
which transition metals to include so that electrode characteristics can be optimized. The

most notale# optimization for sodiunon battey positive electrodenaterialshas been
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for higher voltages, as thpotentials of sodiuamon positive electrodetends to be lower

than their lithium counterpartsThe first example ofhis was NaNio.eCn.402 in 1996

[49]. In 2001 he Dahn group then reporteédise/aMn23Niz02 [50]. It was not until 2010

that the number of reports accelerated enprovedsodium layeregositive electrode
materials emerged. Some of these materials actually include up to four different transition
metalsin the transition metal layer, such asNWa/sFer4Cou4aNi1402 [51].

The reasopositive electrodenaterialswith more than one transition metal in the
transition metal layer have received so much attention ishibgtténd haven increasa
average voltage and high@versiblecapacities compared to teagleNaMO. materials.
Fewer phase transitiongnd less sodium orderingccuis upon cycling which can be
observed in the voltage capacity profile of these mdseiaa theytend to have a single
sloping plagau instead of a staircase prafil@his means that thstarting structures
maintained at higher charging voltages whatlows more sodium to bdeintercalated
reversibly These fewr transitions during @jing areindicative of greater structural
stability and can lead to longer cycling life.

Nap/sNizsMny2TieO2 and NaMnyFeO; are both examples ahixed transition
metalpositive electrodenaerials with high energy densities that display good cylifgbi
[52,53] These types opositive electrodenaterialsbased on abundant, low cost raw
materials could enable commercial sodiion batteries, if paired with a practical
negativeelectrodematerial. Howeverpractical high energy densityegative electrode

materials for sodiurion batteries have been much more diffidolachieve thus far.
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2.2. 3 Negative E lectrode Materials for Sodium -ion Batteries

Graphite isthe mostcommonlyusednegative electrodenaterialin lithium-ion
batterieq3]. It has the near ideal electrode cludeastics ofa high volumetric capacity
density (00 Ah/L with lithium), a low average volte versus Li metal (~150 mV),
outstanding Coulombic efficiency when appropriate electrolyte additives are used
(~99.997%)and it can easily be compressedlow porosity in electrode coatings].
Lithium-ion battery researchers have the daunting task of impyawoon these already
amazingnegative electrodeharacteristics. Mangre trying to accomplish this by adding
increasing amounts difigh capacitysilicon alloy to the graphite electrode formulation to
makehigher capacityrompositenegative electrodd54]. Unfortunately, gaphitecannot
be utilized asa negativeelectrodematerial for NIB as itdoes not intercalate any
substantiabmount of sodiumwith CesNa being the most highly sodiated ph§Eg, 16]
There are exapies of ceintercalation of solvated sodium ions in graphite but this would
be impractical as only low energy densities are possible with this mechanism due to the
added bulk of the solvef5].

Just as usingnetallic lithium as a negativeelectrodematerial in lithiumion
bateries is deemed inappropriate due to safety concems$oo would sodium metal.
These concerns woulgde magnified for sodium becausegroupl of the periodic table
the alkali metal reactivity increases down the groidjpe temperature could quickle
to the melting point of metallic sodiuif®8 °C) during thermal runawagnd cause a
violent reaction. Sodium has also been shown to re reactive with organic
electrolyte solvents and displagsore extreme dendritic formation during cycling than

lithium [56]. In this work sodium haltells were employedut additional separator in
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the form of blown micro fiber (BMF) was also used. Using BMF in addition to Celgard
gives a greater and more even stack pressutdends to limit dendrite growfh7].

The sodium storage mechanisms described earlier are most prewvalegative
electrodematerials, apositive electrode are almost exclusively intercalation materials.
Indeed the earliest example of a sodiiom batterynegative electrodbesides metallic
sodium was an alloyype material[25]. Negative electrodematerials are typically
described as either carbonaceous or-cembonaceous. In the realm of carbonaceous
materials,the most highly studied materidly far is hard carbon.Hard carbon has been
shown to reversibly intercalate sodiumth capacities as high as 300 mAhdg 450
Ah/L. Hard carbon is thought to be composed of two domains that are highly dependent
upon synthsis conditions, with e domainconsising of graphite like layers while the
other consistof micropores formed between the disordered carbon lay&he first
report of reversible intercalation of sodium in hard carbon was in 2000 by Stevens and
Dahn [58]. Other more recent,studies on hard carbomave focused on improving
capacity and cycle lifevith varied electrolyte$58i 60]. Even with optimizationhard
carbon stillhas arelativelylow volumetric capacity of only 510 Ah/LOnly a fraction of
the gravimetric and volumetric capacityemwme usable when one considers that a large
percentage of the capacity occurs at voltages less than 50 mV. Below 50 mV it is thought
that there are safety concerns due to sodium plating during fast charging or overcharging
in full cells. Due to these chHahges in carbon based materials for sodiambatteries
non-carbonaceous materials have also been explored.

The main ypes of mn-carbonaceousegative electrodematerials for sodium ion

batteries studiedto date include:conversion compoundssodiun alloys, organic

19



compounds, and titanium based compoundghe first reported sodium conversion
reaction was that of NiC@s in 2002[61] and others have emerged since such as, CuO
SbG and FeO4 [30]. CuO shows a first discharge capacity of 600 mAin/g400 Ah/L,
most of which is realed below 0.6 V, however 250 mAh/g of this capacity is
irreversible[29]. This conversion reaction and others need to be improved asrhey
accompanied bwg large volume expansion and large hysteresis whetisl to very poor
cyclability.

Elements ofyroup14 and 15 in th@eriodic table that have shown to form binary
compounds with sodium include silicon, germanium, tin, lead, phosphorus, arsenic,
antimony and bismuthThese alloy materials display more than twice the volume change
of lithium, due to the larger ionic radiwf sodium{15]. This creates a huge challenge to
incorporate alloy basedegative electrodefor sodiummion batteries. The enormous
volume expansion would likely restrict long term continuous cycling, as high mechanical
stress and repeated passivation oféas to cracking of the electrode material and loss
of electrical contact and ultimately capacity loss. Although strategies have been
employed to combat the volume expansion, such as-awahditecture binders, and
electrolyte additives, it is likely imactical to formulate an electrode with solely an alloy
material. Perhaps the besixampleof an alloy material for sodiuaon batteries is
SnSb/C[62]. The electrochemical behavior of the composite alloy is clearly different
from the individual metals. Ihas acapacity of 540 mAh/dvolumetric capacity not
determinable based on information given in ReferencenB) decentcyclability of 80

% capacity retention over 50 cyclesPhosphorus is also attractive as it displays
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anomalously low volume expansion, which is likely due to the covalent charactesof Na
[63].

Before 2010 only thre&tanium based compoundsr sodiumion batteries had
been reported in the literature, namely 2JiBaTiO;, and NASICONtype NaTi(PQu)3
[31,64 66]. NASICON stands for sodium super ionic conductor and as such wed tes
as a solid electrode material for obvious reasons. Since then numerous publications have
appeared that are based tanium oxides and titanium phosphates for low voltage
sodium intercalation.The lowest intercalation potential for sodium reportediate is
that of NaTisO7, which has a capacity of 175 mAh/g at 0.367]. Unfortunately, this
materialis white (as are most titanates) with pagectronconduction andtherefordarge
amounts of carbon black are typicadigidedo the electrode formulationhich adversely
affects thereversibé and irreversibleapacity. Another sodium titanate that has been
studied with similar properties is PlsO13[68]. Titanium is most commonly found in
t he eart ho:sTitanlais atttactiee sa| rMegatveslectrodematerial due to its
low cost, nontoxiity, abundane, and exceptional stdity. The nano sized anata$i-
polymorph is electrodmically active versus sodium metal. It displays a reversible
capacity of over 150 mAh/gr 580 Ah/Lwhen cycled betweeni02.0 V[69]. Due to its
nanosizewith a large surface area this material results in an exlydarge irreversible
capacity o the first cycle.

Titanium phosphates such as N#Fis)s have been proposed as electrode
materials as wellhowever, tHs material has an intermediate voltage of 2.16%,66].
This might make it more appropriate for an aqueous edlere lowpositive electrode

voltages remain in the water electrochemical voltage winddweversible capacity of
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130 mAh/g was obtainer this materialwhich is close to the theoreticahpacity where
two equivalents of sodium can be intercalatgiding a fully sodiated phase of
NasTi2(PQy)s. Due to the bulky and heavy phosphate group these types of materials have
low volumetric energy densities of < 400 Ah/L

Most recently a sodiumlithium mixed titanate, Ngselio.22Ti0.7¢602, was studied
for sodium insertiorj70]. This material is layered like the M40, materials discussed
earlier. In this case thethium ions reside in the transition metal layer with the titanium
atoms, as they have similar ionic radii, while sodium occupies its own layer and has
vacancies within this sodium layer as well. A reversible capacity of 100 nokg§0
Ah/L is achieved Wwich is proximate to the theoretical capacity based on vacancies
within the sodium layer. The average voltage was reported to be 0.75 V which is higher
than that of NaTlisO;. The advantage of this material lies in the fact that it has extremely
good cychbility (over 1200 cycles with 75 % capacity retention) due to its-gkeain
character, as the structure remains virtually unchanged during cycling. Another
advantage is the increase of electrical conductivity by incorporating another metal within
the elatively insulating titanium layer, thereby reducing the amount of carbon inlack
the electrode formulation.

The studies done thus far positive electrodend negative electrodenaterials
for sodium intercalation show that soditiom batteries are fedde and mighthave some
distinct advantages over lithiuian [11,48,71] These advantages could include a sheer
abundance of raw materials, lower cost, unique structure types and lower environmental
impact. There are certainly more examples of applicatbsitive electode materials

than negativeelectrodematerials and thus the focus in this work was to explore materials
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with a low redox potential versus sodium mefal application amegative electrode
materials specificallymaterials that incorporatefi** metal. Tke goal herein is to find
materials vith long cycle life andvolumetric energy densitgomparal@ to current LIB
electrode materialsGraphite and lithium display an energy density of 700 Ah/L, while
hard carbon and sodium yields 450 Ah/L. CurrenktNNai1yO> materials can give
energy densities near 500 Ah/L and the goal herein is to improve upon this number by
increasing the number of stable vacancies.

NIBs havealreadybegun being commercializaedith prototypes introducedy
several companies, suchkaradionandAlveo Energy [72]. An 18650(cylindrical cell
with an 18 mm diameter and 650 mm |pmpgoof of concept or prototype cell has been
made by researcherstae CNRSand CEAIn France[73]. These cells have amergy
density of 90Wh/kg which is similarto those of LIB18650 cells when they were
introduced The lifespan of these cells exceede?t000 cycles with the capabilityof

charging andlischargingvery rapidly making these results very promising

2.2. 4 NIB Electroly tes and SEI

The electrolyte in a sodiwon battery typically consists ofsadium salt NaPFs,
NaTFSI or NaCl@) dissolved in an organic solvemixture (propylene carbonate,
ethylene carbonate, dimethyl carbonate/andthylmethyl carbonate).The electrolyte
must conduct sodium i@nAs electrolyte is in intimate contact withe electrodeghere
exists an interface between the electrolyte and botmegative electrodand positive
electrode As such, there are some properties needed for electrolytes to comply with in

order to be incorporated in a sodiwiom battery. Theelectrolyte must be chemically
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stable where no reactions occur between itself, separator, electrodes, current collectors,
and casing materials. It must also be electrochemically stable, so that within the potential
window of the battery operation no deqoosition due to oxidation or reduction occurs.

The electrolyte should be ionically conductive and electrically insulatnglow easy
sodiumion transport and minimize safischarge. It should be thermally stable with a
wide range of its liquid phasso it remains liquid duringell operation temperatures.
Ideally electrolyteshould also have low toxicitype made of sustainadlmaterials, and

be economical.

No cell is completely chemically stable. However chemmability at the
electrode/electigte interfaces can bmaintained through the formation of passivation
layers. These layers are referred to as the solid electrolyte inte(l@td$and they are
more dominant on theegative electrodfr4]. The formation and physical properties of
these passivation layers is highly dependent upon both the electrolyte (especially
additives) and the electrode®n thenegative electrodehe organic solvents typically
used are reduced at low voltagehile they are typically oxidized at thgositive
electrodeduring high voltage The SEI isideally norrporous andonically conductive
while being electronicayl insulating Once the SEI has formed it prevents further
decompogion of the electrolyte as it insulates thlectrode surface from the electrolyte
howeverit still allows sodium ion diffusion. The higher the electrochemically active
surface area ofreelectrodethe greater the amount of SEI that is formed.

Whenforming of the SEI some of the initial sodium content is consumed leaving
less for subsequent cycles. This is the origin of the large irreversible capacity observed

during the first cycleof manycells Ideally, dter the first few cyclesthe SEI ainost
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completely forns and the ©@ulombic efficiency approaches 100 % during later cycles.
The sodium metal titanates studied herein exhibit large irreversible capedaitiegthe
first cycle dueto SEI formation but the majority is likely due to carbon black in the
electrode formulationThis will be discussed later in the text.

At this time the SEI in lithiumon batteries is just beginning to be understood in
terms ofits thickness and cheoal composition[74]. There are still many things that
remain elatively unknown regarding theEl. The ®dium-ion battery SEI is thought to
be different fronthe lithiumion SEI, even thougthere argelatively few report®f the
sodiumion SEI [75]. For example it is thought th#fte sodiumion SEI isricher in
inorganic speciewith a more homogeneous distribution of compongfég

Additives are used in traditional electrolyte formulations for lithikom batteries.

This is where the liquicelectrolytes contain small quantities of a compound which
positively affect the battery performance and/or safety. Additives engage in different
reactions with the electrodes and electrolyte. Perhaps the most important function of
additives is that of SHormation. Vinylene carbonate is a common agdiin LIB s that

is used to form and maintain a SEI at tlegative electrodsurface. However, studies

have shown that this same additive, vinylene carbonate, does not efficiently passivate
hard carbon irsodiumion cells[75]. This once again highlights the difference between
sodium and lithium based chemistries. Another additive, fluoroethylene carboaste
been found that very efficiently forms a filamd improves cyclingadr differentnegative

electrodematerials for sodiurmon batteries, including hard carbpfb].
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2.2.5 Full Cell Results

There have been relatively few full cell u#s reported in the literaturend
where theyhave been reportethe number of cycles is typically very limited (<50). This
makes it hard to determine whether sodiem batteries would have a lifetime
appropriate for commercialization. The first example sbdiumion full cell comprised
a leadnegative electrodand P2NasCoQ; positive electrodg25]. With a somewhat
limited voltage range of 1-8.3 V, the cell demonstrated decent cycldiilover the
course of 300 cycles. After hard carbon was found to intercalate sodium at low voltage
with ahigh capacity in 2000 it has become the standeghtive electrodr sodiuniion
batteryfull cell work [58]. One such example the hard carbon and NaNMn1,,0; full
cell which had a voltage of approximately 3awd capacity of over 200 mAh(ger gram
of positive electrodenaterial)with 80 cycles demonstrat¢@0]. Voltagesas high as %

V have been reportefdr hard carbon and M&os(PQs)2P-07 cells with over 100 cycles
shown[77]. Full cell results have recently beerepented for a layered sodium titanate
negative electrodgNaoselio.2oTio7d02) with NagV2(PQu)s operating as thepositive

electrodethat show decent rate and cycling performdi€s.

2.3 Layered Structures for Sodium Intercalation

Layered structurenaterialsaretypically good ionic conductorsThis is because
there exists an entire two dinmgonal network for facile iowiffusion. For this reason,
the work hereinfocused on layered rexials with rapid sodium conductioripr NIB

negative electrode The layered tsuctures under studwre closely related to the
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common sodium chloride structufé8]. Figure 2.3 shows the relationship between the

NaCl andU-NaFeQ structures.

o a‘hex

Chex

Figure2.3: Two unit cells of theNaCl structureoriented so that they are sharing one vertex to
show its layered nature and relation to hexagahblaFeQ. Sodium, iron and
oxygen #&oms are represented by yellow, orange and red spheres, respectively.

The UNaFeQ structure has two cations and two anions according to its chemical
formula and as such can be described according to two NaCl unit cells. The oxygen takes
on the chlorle sites while the sodium and ir@ecupythe sodium sitesn the NaCl

structure The size difference between the two cations caiiiees to favour alternating
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layers, instead of mixing within the layersThis is depicted ifrigure2.3 where layers of
sodium, iron and oxygen are shown as yellow, orange argpteztes, respectively. This
is basically a face centered cubic network with metal cations occupying octahedral sites.
The alternating of planes for the cations causdsoanbohedral distortion of the cubic
| at t i ¢ e-NaFeQ Bthuctise cbiresponds to the stacking in an O3 structure,
according to the notation that will be explaifeglow and utilized throughout this work.
This notation is used to describe hexagonatrieg oxides as it is easier to visualize the
stacked layers. The relationship is further illustrated #igure 2.3 where the lattice
constant gexis the axis perpendicular to the (111) planes of the cubic lattice whilgethe a
and bexlattice constants are parallel to these planes.

A specialized nomenclature to describe RO, (A = alkali metal andV =
transition metal) materials with layered structuness introduced by DelmaBpuassier
and Hagenmuller in 198(079]. These structures consist aklternatingMO. sheets
consisting ofMOs octahedra connected by their edges, vaitkali metals sandwiched
betweenthose sheets atterstitial sites This stucture forms a foundation from which
one can imagine different layeremrangementsof the MO, sheetsand geometry
(coordination environment) of the interstitial sites that are occupied by the alkali.metals
The nomenclature consists of a letter desigmatihe coordination environment of the
alkali metal and a number describing tember ofMO: sheetsin the hexagonalunit
cell. Those two parameters are directly dependent upon the oxygen stacking sequence.
The letter can be either a P (prismaticlaarO (octahedral) in the case whesadiumis
the alkali metal. For lithium T (tetrahedral) coordination is also posdbkeprismatic

coordination is not observedrhe larger size of the sodiuion prevents it from adopting
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tetrahedral geometry in laysd transition metal oxides according to calculati@ported
in the literature[13]. However, there are instances wheodiumoccupiestetrahedral
sitesin oxides e.g N&O [80]. The larger size of sodium also makes it more prone to
alkali metal ordering, but thus less prone to cation mixing with transition nié@ls
Figure 2.4 shows the common P2, O3, and O'3 monoclinic structu@her possible
layered structies incluég O6, 02, and P3. In the case of O3 andli2oxygen stacking

sequences are ABCABC and ABB#espectively

Na Prismatic sites
edge or face sharing

P2 A
° % % % % sO? : ?
6603 161500
® .$¢ o o © l\;ooctaheadral ) @ﬁ 6% a3

sites H s

Figure2.4: Common layered structures for sodion batteries (a) P2, (b) O3 and (c)
monoclinc o r. R&ddy8llow and blue spheres represent oxygen, sodium and
metal atoms, respectively.

Monoclinic distortions commonly occur and are indicated by an apostrophe, as in O'3.
The O3structurecan becomel i st or t e €ithet aslight @l@linglbthe slabs in the

(a, c) planewhich distortshe sodium iges or by a distortion of thilOs octahedra due to

the JahnTeller effect [81]. Another common structural feature observed in these

mateials is cation ordering. This wibe discussed later @hapter 4
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CHAPTER 3 EXPERIMENTAL METHODS

In this chaptersynthesis methods dayeredsodiuniion batterymaterialsare
descriled. A brief ovenview of X-ray diffraction (XRD),neutron diffractionscanning
electron microscop (SEM), inductively coupld plasma optical emission specoopy
(ICP-OES) pycnometey, Fourier transform infrared spectroscop¢TIR) and
differential scanning calorimetr§DSC) methodsis also given as these wetiee main
techniqus employed to charaatee thematerials This is followed by a description of
how materials were incorporated into electrochemical .c&ligther descrigions are
given ofvariousbatterycharacteristicshat were used to distinguishe materials merit
for use in sodiunion batteries. Thesemetrics of battery testingre includedso that a
reader who is not familiar with them will still be able to understand the results of the
thesis. This will enable one to judge the merit of this work, comparetetavork

currently found in the literature.

3.1 Synthesis

Layered sodium mixetransition metal oxides were synthesiagd solid state
reactions. This so called solid state or ceramic synthesis method alidemiffusion of
the solid precursor marials on a reasonable timescale by using elevated tempettatures
obtain the layered metal oxidesThis type of reaction isiffusion controlled sothe
contactsurface arewas oftermaximizedby pelletizing[82].

Roughly sixgramstotal of precursors consistingf sodium carbonatend various
transition metal oxidewere weighed outaccording to stoichiometryThe ppwders were
then ball milled togethen a SPEX 800high energyball mill for thorough mixing. The

high energy ball milling often causes the precursors to not onlybmatxeact chemically
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as well. Minimal iron contaminationis present in these sampldgspitemilling in a
hardened steel vesseds confirmed by inductively coupled plasma optical emission
spectroscopy Precursors were itted for a half hour in the balmill. Generally, a 3:1
ball: sample mass ratio with a typical sample size of sangrand four stainless steel
balls of half inch diameter werloaded into amilling vessel, under either inert argon
atmosphere or airAt timesthe powders were pressed into two gram pellets after SPEX
milling. Milled powders or pellets were then didgdransferred to an alumina boat and
placed in a tube furna@guipped with a quartz tube that had fittings on each end to allow
control of the gas flow and pressur@he samples were then firat high temperatures
(as high as 100 °C) in different atmephers (ambient air, argon, Fargon mix)for
differing amounts of time (6 48 hours)in a tube furnace The effect of different
atmospheres can lead to different phases forming, as samesgeres are
comparatively moreoxidizing while others aramore reducing. The exact synthesis
method arereportel in the results section for eagtdividual materiatested. Synthesis
of single phase layered materials was not trivial and oftimes many different precursor
treatments, temperatures and atmospherestwedein order to obtain the desired phase.
All of the carbon and hydrogen in the sampéesves the sampless carbon dioxide and
waterduring the heating process

The precursors used in tlseriessyntheses were: NaO:; (Bi o Xt r a, 0O 99
SigmaAldrich), Cr:0s (50 e m, O 9ARIriclp VS (§97 &, metals basis,
powder Alfa Aesal), andanatasdiO> (puriss, 99 to 100.5 %, Sigafddrich). An excess
amount of the sodium carbonate precursasually 5% by weight, was added to

compensate for the ls®f sodium due to the volatility of sodium containing precursors at
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the high reaction temperatureSor thisreasonthe elementatompositionof the samples

was determined by ICROES where possible After heat treatment the samples were
either slow coted or quenchetb room temperature under gas flow by removing the tube
from the furnace to achieve the desired phase of the material. All samples were
transferred directly to an argon filled glovebox while still in the furnace tube after the
heating stepo avoid air exposure, asany ofthe samples were found to be hygroscopic.
Even those samples heated in air were removed at 200 °C and trandiiercdy to an

argon glovebox, to avoid water contamination.

3.2 X -ray Crystallography

The main tebnique tilized in this workto characterizesample powderwas
XRD. XRD is aflexible, nondestructive technique that reveals detailed information
about the chemical composition and crystallographic structure of mat@8gls A
crystal structure can baefinedby its unit cellas this is its simplest description at the
atomic level Therefore,the unit cell is a regularlyepeating unit that can defines the
entire bulk crystal structure. The unit cell dimensions can be described by three lattice
constants and three lattice angles. These different lattice constants and angles lead to
fourteen types of lattices, referredas the Bravais lattice types. Atoms exist within this
framework of a unit cell and are described by their atom positions in terms of the unit cell
axes. XRD can be used to identify crystal structures and can reveal whether multiple

lattice types or struaresare present in a given sample
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3.2.1 X-ray Generation

For an XRD experiment to be performedra§s must first be generated. The
generation of Xrays is accomplished by electrons that are emitted from a heated filament
and then accelerated in acuum by a high electric field, on the order of tens of kilovolts,
towards a metahegative electrodesuch as copperThese incident electrons are of such
high energy that they interact with the electrons of the metal, knocking them out of the
inner shdk of the atomic electron energy level3his allows higher energy electrons to
Adrop downodo into a | ower ener pgroppirgdovh and

in energy level results in an emission of energy in the form-cddfation as showin

Figure3.1.
High Energy
Incoming Electrons ® Ejected Electrons
Lb X-ray
Kb X-ray
KU X-ray LU X-ray

Figure3.1: X-raysgenerated by incident electrons.

A particular wavelength emission is selected by a monochromator. For experiments

described her€u Ka radiaton was used. It contains two wavelengths, a strong emission

(Ka: at 1.54056 A and a weaker emission, by exactlo times from quantum
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mechanial effecs (Kaz at 1.54439 A[83]. Peaks resulting from the diffraction of both

of these wavelengths are present in wedolved diffraction patterns.

3.2.2 Bragg Diffraction

Incident Xrays, once generated, is applied tsample thatypically possesses a
crystal structure or lattice, however amorpheamplesand liquids can also be studied.
A crystal lattice is a regulahteedimensional distributioof atoms in space. The lattice
of atoms can be thought of as residinga series of parallel planes separated from one
another by a distana This distance will vary according to the structure of the material.
Planes can and do exist in a number of different orientations for any crystal, each with its
own specificd spacng. Thesead spacings are on the same order of magnitude as the
wavelength of incident Xrays which causes these waves to diffract. Thsulteng
diffraction pattern allow one to determine the exact structure of a sample. The structure

determination ipossibleduetoBr aggodés Law, wRgued2 i s depicte

Incident X-rays Diffracted X-rays

Figure3.2: Bragg Diffraction from lattice planes in a crystal structure.
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X-rays can be scattered from the topnplaof a crystalline material or be transmitted

through the sample to be scattered by planes that are deeper in the structure. This causes
the beam reflected from the sample to have multiple phases that can interfere
destructively or constructively with enanother. The interference depends on the

di stance of the | attice spacing. This <car
law,

) (3.1)
CQOEF ¢/,

wheren is an integetthat indicategshe ader of diffraction ais the wavelength of the
incident wave of Xrays,d is the spacing between the planes in the crystal latticef snd

the angle between the incidentrXys and the diffracting planes. A diffraction pattern is
obtained by measurinte intensity of scattered-Ky waves as a function of scattering
angle. Very strong intensities known as Bragg peaks are obtained at specific scattering
angles in the diffraction pattern when scattered waves satisfy the Bragg condition.
These Bragg @ks allow the plane spacingd, to be determined. FaxampleBr agg s 0
law can be used to obtain the lattice spacing of a particular simple cubic $iysbeigh

the following relation,

. (3.2
) W
Q St~ T~ L
no Q a

wherea is the lattice constant of the unit cell of the cubic crystaltgrid andl are the
Miller indices of the specifi®ragg plane. Miller indices ara notation system in
crystallography that consists of thredgegers which describe the group of planes in

guestion. Then, k, andl values are actually the reciprocal of the fractional coordinates
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where the plane intercepts tkiey, andz axes. There are similar botuchmore complex
relations or theother cystal structure type83].

The obtained experimental XRD pattern can also be compared to a database for
phase determation (qualitative analysis). Further characterization can be done using
Rietveld refinementwhich uses a least squares approach for quantitative analysis. This
approach takes a theoretical line profile and changes it incrementally until it matches as
closely as possible the measured or experimental profilthis allows for the
determination of precise crystallographic structural information, such as atom positions,
lattice constants, and site occupations. pédwder XRD calculation of the total peak

intensities], takes into account five factors as follows,

(3.3)
0O— 00 — 0 —"0 "Mead G0 6 e

wherel, is the intensity of the incident radiatioR(d) is the polarization factoiL(d) is

the Lorentz factorF?(hkl) is the geometric structure factdvi(hkl) is the multiplicity

factor, and DW(hKI) is the DebyeNaller factor[84]. These take into account tloe
dependence of the peak intensity (both polarization and Lorentz factor), the interference
between atoms within the unit cell, families of planes which have the gdampacings,

and the thermal vibration of atoms respectij8B]. All Rietveld refinement done in this
work used the computer program Rietica to fit experimental [8&fa Structures were

also visualized in another computer program called Vesta and all figutbss work

depicting crystal structures were drausing Vest486].
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3.2.3 X-ray Diffraction Measurements

The crystallographic structures of the samples were determined by analysis with a
Rigaku powder diffractometer-Kay system equipped withoth a scintillation and linear
detector. The scintillation detector with a diffracted beam monochromator was used to
measure XRD patterns of sompewder sampleswhile theD/TeX Ultra linear detector
with aK-beta filter wagypically used forin situ XRD measurementsThis X-ray system
is equipped with a Cu target-day tube It usesa BraggBr ent ano d wled® ge o me
the powder sample is stationalthe center of the focusing circle during measurements.
The X-ray source and detector positions @aeied at a constant distance from the sample
wi t h an e.qThisis dorerugng a comiputer controller, which also varies other
parameters such as slit widtlisd scan rateFigure3.3 shows a generalchematic of the

BraggBrentano goniometageometry

) _ monochromator
divergence slit

detector

X-ray source

N —receiving slit

/

focusingcircle

Figure3.3: Schematic of the BragBrentano geometry

A filament currenf 40 mA and an accelerating voltagé 45 kV weretypically

used to generate the-rdys For XRD measurements, because most of the powder
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samples were hygroscopic they were loaded into a gas tighy Xample holder (DPM
Solutions, Hebbville NS). The sample holder had an aluminized Mylar window mounted
in an arc such that it was perpendiculathe incident and scatteredrdy beam and did

not contributeto the measured XRD patternx-ray diffracion patternswvere collected

for each sample at a typicalastering angle range of 10 to degree dvith a step of

0.05 degregand a scan rate dbur degrees per minuteSpecific experimental Xay

data collection catlitions are specified for each material in later sections, particuikrly

situ andexsitu measuremergetup.

3.3 Neutron Crystallography

Neutron powder diffraction was carriedtday the Neutron &ttering Branchat
theCandi an Nucl ea NRUreabtar in €halk Rive®rgadiq CanadaUsing
the C2 beamline with aB00 wire neutron detectseveral of thgpowdersamples herein
were loaded in a vanadium holdend studiedwith neutrons that had a wavelength of
1.328 A

Neutron diffraction issimilar to X-ray diffraction as bothdisplay waveparticle
duality with similar wavelengthg~2 and 1 A, respectivelyhhat can diffract from a
crystal lattice. Thus, many of the piples discussed in secti@2, X-ray diffraction
are also applicable hef87]. Although the same scattering theory can be utilized for
both tie major differences will now be emphasized in order to understand why neutron
diffraction was employed ithis work.

Neutrons, as the name implies, have no charge and can penetrate matter much
better than charged particles. But perhaps most contrasting difference between

neutron and Xay diffraction ishow they interact with atoms in a crystal latticé-rays,
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as has been seen, interact with electrons, while neutrons are scattatedlzynuclei.
Due to this neutronscattering from light elements is extremely dissimilar. The one
electron on a hydrogen atom can be hard to see witlyX but the hgrogen nucleus
scatters neutrons strongly and is easily seen in a neutron diffraction experirhesntan
be explained by the strength of the interaction between {tag/nd electron or neutron
and nucleusreferred to aghe scattering length. The adterirg length for Xrays
increases with atomic number, while neutrons follow no trend and vary erratically with
atomic number. Isotopes of the same element can actually have very different neutron
scattering properties.

As a result of the differencen iscattering properties from element to element,
neutrons are often utilized to discriminate betwd#ferent atons in crystal structures.
This was done in this work as the first row transition metals in the layered structures of
this thesis are typicall indistinguishable in XRD experiments, as they have similar
numbers of electrons and thus similar scattering power. However, the neutron scattering
lengths of the natural isotope abundance of the first row transition metals are quite
different. Neutrondiffraction experiments are able to detect transition metal ordering
within the metal layeof these types of materials

When comparing diffraction patterns for the two techniques one will notice that
the in XRD patterns the highest intensity petstsl to be at low angles while intensity is
quite uniform over the entire pattern for NPDOhe <atteringpower hasno angular
dependencéor neutrors while the scatteng power falls off at higher anglder X-ray
experiments. This is due to nuclei lgpoonsideregoint scattering centers whiiieis the

largeelectron cloudsf atomsthatscatter Xrays.
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Even though the neutron has no electric charge it has a magnetic dipole moment.
This allows the ragnetic structure of materials tee determinedby neutron diffraction
experimentsas well Neutrons are able to scatter from local magnetic fields within
matter to provide a probe of electron spin fluctuations and ordered magnetic structures.
To summarize, neutron diffraction is a A@utine complinentary technique to
X-ray diffractionbased on the sanminciples It allows further structural details, such
as the detection of lighter elements, discrimination of neighboring elements (ordering),

and recording of higher intensity Bragg reflectionshagher angles, to be examined.

3.4 Scanning Electron Micro  scop vy

A Phenom Gzro scanningabletopelectron microscope (SEM, Nanoscience,
Arizona) equipped with a backscatter deteow@s used to determirthe microstructure
of powder samples A focusedelectron beam was rastered across the samples in a
vacuum, where the electrons were scattered from the sample and dé&tketatensity
of electrons emitted from the sample was displayed as a brightness image (grayscale) on
a computer monitor. This is nade possible becauss a rastered imagene detector
synchronizes the position in the image scan to that of the scan of the incident electron
beam. Two types of electron detectors are commpnnamely secondary and
backscattered.

Using the SEM posed seva challenges for thepowder sampleg this work.
Sample mounting had to be dousing double sided carbon tapeorder to get dlat

sample ando avoid loose powder. Samplalsohad tobe sufficienty conductive to
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avoid building up an electricall@arge which can cause images tocbene extremely

distorted.

3.5 Inductively Coupled Plasma Optical Emission Spectroscopy

The elemental composition of powder sampless determined by inductively
coupled plasma optical emission spectroscopy {0ES). Powders were typically
prepared for analysis by dissolving a small amount into nitric acid and thangiituthe
appropriate volume. Standard solutiasfseach element weralso prepared to obtain
calibration curves.During an ICP measuremenhet elenents in the samplsolutions
were transformed into gaseous atoms and excited by the high temperature plasma torch.
The excited atoms emit electromagnetic radiation of characteristic wavelengths for each
particular element. The intensity of the emissionadicatesthe concentration of each
element. The atomic ratio of sodium in these samples was of utmost importance as
sodium can be lost during the high temperature synthesis and the capacitpexjatiee
electrodematerials was highly dependent upte amount of sodiumpresent ICP data
can be interpreted incorrectly, especially if more than one phase is present in samples.

This complication will be discussed further in the text.

3.6 Helium Pycnomet ry

True density measurements of the as preparedi@osamples were madsing
an AccuPyc Il 1340 gas displacement pycnometer using He gas (ultrahigh purity,
99.999%). The pycnometer was calibrated with amgisemple cup and standard, for

which the volume was known (given by the supplier). The caldoratias repeated until
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the measured volume of the standard and the given volume agreed within the variance.
The samples under investigation were stored in an argon filled glovebox and first
transferred to accurately weigBX g) and then transferred to the pycnometer chamber
with minimal exposure to air. The measurement was initiated by purging the sample with
helium gas five times. The purdd pressure and the cycléll pressure were set to 19.5

psig. Each run involvetive cycles with an equilibration end time of 1 min. The average
volume from the five cycles wasalculaed to deduce the density of the samplé&se

true density measurements were then compared talehsity calculated from XRD
measured lattice constantlf the two did not agree then typically more sodium vacancies
were present in the sample than expected (as sodium is lost at high synthesis

temperatres). This could then be checkby ICP measurements.

3.7 Fourier Transform Infrared Spectroscopy

Fouier transforminfrared (FTR) spectra were recorded using an Agilent Cary
630 FTIR spectrometer, which was located inside an inert atmosphere glove box.
Infrared radiatiorof different wavelengthgs passed through a sample and some of this
radiation isabsorbed by the sample and some passes thrbegiy transmitted. The
data aretypically given as a percent transmittance versus wavenumber graph. The
spectrum represents a molecular fingerprint of a sample. Different chemical structures
produce diffeent spectral patternsThese patterns are due to the fact that materials
absorb frequencies of light that correspond to the different vibrational frequencies within
their structure. This simple technique is more widely used for organic materialss In thi
work, FTIR was used to study inorganic materials and detect impurity sodium organic

phaseghat may be present
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3.8 Differential Scanning Calorimetry

Differential scanning calorimetrfpSC) was used to probe the thermal stability of
select materialén this work. Measurements were domsinga TA Instruments €00
DSC up to temperatures 500 °Cwith a scanning rate of 1C/min Approximately 10
mg samples were loaded in hermetic aluminum pans in an argon glovéhoing a
DSC measuremerd sampe of known mass is heateshd thepoweris measured The
differential term in DSC comes from the fact that a sample and reference are both run
simulkaneously and the amount of powequired to increase the temperature of laith
the same rates measuré. The reference typically has no changes in heat capacity over
the entire temperature range to be tested. This results in a heat flow versus temperature
plot, for the sample under studwith peaks and valleys. These features arise from the
physical tansformations of the sample during heating, where more or less heat will need
to flow in orderkeep the sample and reference at the same temperature. Whether more or
less heat is needed to flow depends on if the process endothermic (melting) or exothermic

(crystallization), respectively.

3.9 Electrode Fabrication

Once the synthesized powders were charaed via XRDanalysis they were
incorporated as active materialsdamposite electrodes for furthéesting. Electrodes
were constructedn an argonatmosphere by combining the active material, a carbon
black conductive diluent (BIERGY SUPER C 65Imerys Graphite & Carbgnand a
PVdF binder(poly(vinylidene fluoridg, average MW~534,000 by GPC, powder, Sigma
Aldrich) in an 8:1:1 weight ratio. Aradequateamount of Nmethyt2-pyrrolidone

(Sigma Aldrich, anhydrous 99.5%) was added to the components until a desired viscosity
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was achieved. The mixture was then thoroughly mixed with hald inch diameter
tungsten carbide balls in a Retsch PM200 xotaill (100 rpm, 1 hour) to create a
uniform black slurry. At this slow speed and short milling duration, the planetary mill
effectively disperses patrticles in the electrode slurry, but does not reduce graihtsze.
slurry was then coated onto alumindioil using a0.006inch (0.1524 mm}ppreader bar
and dried under vacuum at 120 for two hours. Circular electrodes area 1.3%:n?,
were punched from the resultingatings which resulted in active material electrode

loadings in the 2 mg/cn? range

3.10 Electrochemical Studies

The performance of synthesized materials for application in seminrbatteries
was analyzed using hatkll type 2325 coin cells with a Maccor cycler. Coin cell
preparation was carried out in an argon filled glove boxr the negativaeference
electrode, thin sodium metal disks were used. These disks were punched from thin foil
that wascold-rolled from a sodium ingot (Sigma Aldrich, ACS reagent gradie
sodium foil is not readily availdd. The surface ofhe sodum ingotwas first scraped
clean in an argon filled glovebox to remove the outer oxide coating. A small ingot was
then placed in a plastic bag and passed through a PEPE Tools® foil roller multiple times,
as the roller distance was decreased. This wasated until the roller distance, as
measured by a feeler gauge, corresponded to a foil tleslofeapproximately 0.03&ch
(0.4 mm)

The electrolyte used wagpically 1 M NaPFk (99+ %, crystalline, Alfa Aesar

dissolved in propylenecarbonate (Selecyite PC, BASFK. A total of 120 pL of
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electrolyte solution was pipetted into each coin déklgard 3501 andMF (blown
microfiber separator, 3M Company) were used as separators. BMF was used to improve
cycling over Celgard® separator alone by simultasBomcreasing the distance between
electrodes, while providing a more even stack presmuethus limiting sodium dendrite

growth Figure3.4 shows the components osadium hakcell.

Spllfing Na I.=oil BMF Electrode

\

Cell Can
Top

Bottom Spacer
tic gasket Separator

Figure3.4: Sodium coin cell assembly.

Cells were testedsinga MaccorSeries 4000 w@#omatedcycler andweretypically
cycled at 3C°C at a constant current of C/10, calculated based on the capacity for each
separate active material. Cyclingsvwdone for different voltage windows, depending on
the electrode material. Low voltage cycling wapidally done from 5 mV to 2 V
Again, specific experimental details will be emphasized for each material in their

respective chapters.

In situ type coin cells were also constructed using the same procedure as
described above for tH2325 type coin cellsexcept the cell can had a circular opening
cut in it to receive a thin Be window. An electrode was then made directly on the Be
window, using the coatingrocedure described above. The Be window was then affixed

in the cell can usingn acrylic adhesiveSuper 77 Classic Spray AdhesiaM). After
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crimping shut the in situ cell was cycledbetween specific voltagest a rate of C/10

calculated based ohe capacity for each separate active material

3.10 .1 Full Cell versus Half -cell Studies

Sodium half-cells were used in this work to analyze the electrochemical
properties of battery electrode materials. However, coin cells can be constructed as either
a full cell, half-cell or symmetric cell. It is important to distinguish between the three
types and understand whialf-cells were utilized herein.Coin cells consisting of a
working electrodecomprising the active material of interest \s.sodium medl
referenc&counter electrode are termbdlf-cells. Thee cells arenost commoly used
in the sodiurdon battery research communityr active materials explorationThis is
becauseas long as limited current and cycling times are u#wesl potentialof sodium
metal remainsearly constant during the operation of the cell, namely 0.00 V versus
Na/Na or -2.71 V versus SHE.Thus, sodium metal acts as both the reference and
counter electrode and the potential is measured directly versus the' |datiidial. This
allows important electrode characteristics, such as potesstidlla contentto beeasily
studiedvs. a constant voltage referenéggure 3.5 shows a schematic of sodition

half-cells during botlcharge and discharggperation.
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Figure3.5: Schematiadiagram ofNa-ion half-cells during charge and discharge operation. The
yellow, red, and grey spheres of the positive electrodes are sodium, oxygen, and
transition metalonsrespectively.

Understanding each electrode material in terms of potential, polarizability and cyclability
is necessary before putting them into a full cell battery. This allows one know what cut
off voltages to use. This why initial or exploratosjudies on electrode materials

typically begins withhalf-cells. However, the haitells have the disadvantage of using a
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somewhat unstable alkali metal referdnoenter electrodewhich can react with
common noraqueous electrolytesausing high cell ipedance In the extreme case this

is expressed as dendrite formation which can short the cell. Due to this reactivity, half
cells cannot be used for long term studies.

After half-cell evaluation, full cells are often used to evaluate electrodes in an
environment that is more similar to their ultimate use in a commercial battery. Full coin
cells use insertion active materials for both the positive and negative electrodes, often
without a reference electrode. Another common coin cell configurationmssiyric
cells. Symmetric cells use the same insertion material for both of the electrodes, with one
containing the alkali metal while the other does not. A symmetric cell displays an
average voltage of zero, however, it can provide information abouioeabetween the
electrode materials, as well as reactions between electrode materials and electrolytes.
Symmetric cells are particularly useful because their fade rate is an accurate measure of

electrode Coulombic efficiency.

3.10 .2 Galvanic Cycling and Capacities

Galvanic cycling is also termed constant current cyclidg such,the current
applied to the battery during the charge and discharge cycles is held at a constant value.
In cycling this way one controls the amount of current or chargegtsatpplied to the
battery and measws¢he voltage at which the charge is storédom this data, potential
versus capacity can be plotte@alvanic cycling is the type of cycling employed in this
work. This is in sharp contrast to cyclic voltammethat is most common in

electrochemistrylt is opposite of galvanic cycling in thduring cyclic voltammetryhe
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voltageis controlled and theurrent is measured, which gives a potential versus current
plot.
Electrode materials have a characteristioant of sodium and charge that they
can store.A performancemetricof a sodiumion battery that accounts ftine sodiumion
storage ability of themat er i al i's ter medThisis the dimsumteot i f i c
charge that a material can store pat orass This is shownn Equation3.4,

(3.4)

N N A S ]
3IPDAAE EEA 4EAIQ%Q@NWM[#ADAAEOU

wheren is the number of molesf sodiumthat can be stored per mole of the mateFal,
isFaradayo6s pAhtmolpandMW( 28 6t B e martneassipa foringla mo |
unit(g/mol). This givesanAh/g asunits for specific capacity. Thisdicates how many

moles of sodium can be stored in the crystal structure of an electrode material, per mole
of that material. Therefore, thegreater the number of moles of sodium a material can
store andhe lighterit is, the higheiits theoretical specific capacity.

In a full cell batterythe greater the potential difference time redox volages of
thenegative electrodandpositive electrod¢he greatethe voltageof the cell. Thus, it is
desirable to have as low a voltage as possibleafoegativeelectrodeand as high as
possible voltage for @ositive electrodeas agreater voltage will translate to higher
energy store for a specific capacity.T h e Il mportance of a mat ¢

demonstrated bthe followingequationfor specific energy density

(35)
SPDAAELAEA %l AOCU $AT OEGWC BEAAREEEA #AD,
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which gives the amount of energy that a battery can stotgpinal units of Wh/kg.

Both the specific capacity and specific energy density can be converted to volumetric
capacity and volumetric energy density, respectively, by multiplying by th&tgef the
material yielding units of mAh/L and Wh/L, respectively. These are very meaningful
metrics as fomearly all applications the energy stored per unit volume is of greater

importance than the energy stored per weight.

3.10 .3 Differential Capaci ty

Another common way tehow cell performance dathesides a voltage versus
capacity plot, is a differential capacity (dQ/¥lot. This represents the amount of
charge that is stored per change in voltage. Often, when presented this way features in
the voltage versus capacity plot are much easier to distinguish. For example, whenever
there is a plateau in the voltage versus capacity plot there is a sharp peak in the
corresponding differential capacity plot. This is indicative of a large amountafrso
being transferred with a very small change in the voltage of the cell. This typically

occurs during a phase transition

3.10 .4 C-rate

During the constant current (galvanostatic) cycling b&tcell there is a specific
way to define the magnitie of the current delivered to and from the cell. The current is
not specified in units of just amps, but by relative units which are scakedch&deriaés
capacity. This is what is termed ther&e. Crate refers to the total current that would
resut in the complete charge or discharge of an electrode materiahe hour A

common Crate used throughout thikdsis is C/10. This means that a cell is charged or
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discharged in 10 hours. On the other han@-rate of 5 C means a cell is charged or
discharged in 12 minutes (1/5 hour).

The ideal battery would deliver the saoapacityirrespective othe Grate it was
subjected to Oft times, this is not the case andost batteries lose capacity with
increased rate. How well a battery copes witanges to the Cate is designated as its
rate performance. This is measured by testing the cell with differemste€ in

succession (lowest to highest) to gauge how much capacity is lost with increased rate.

3.10 .5 Voltage Hysteresis

Thecharge andidcharg profilesof an electrochemical cedlire always separated
by a certain voltageluring galvanic cycling The difference between the charge and
discharge vitages is termed voltageysteresis. The voltage hysteresis can be decreased
by decreasinghie rate of cycling, particle size or the electrode thickf@8k All of
these strategies involve decreasing the current density or impedance due to charge
transport. However, even at extremely small currents there exists a voltage gap or
hysteresig89]. This type of hysteresiss only observed inmaterials where cycling is
described by a single reaction, such as intercalation reactions. Certain conversion
reactions display large voltage hysteresis which is predominantly due to different reaction
pathways upon charge and discharge.

A large voltage hysteresis is undeable as itmakes a batterinefficient due to
energy lost as heat during cyclingThis is one of the main reasons that layered
intercalation materials were studied hereirhély typically have low hysteresisvhich is
inherent to their structureand they display long cycle life. A large portion of the

hysteresisseen in this work is expected to result fréainge current densities used, as
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discussed above However, the current densities were kept constant from material to
material so that meaningful c@arisons could be madd&.he averageoltagehysteresis
was often calculated based on the second charge and discharge cycle. This was done by
performing a Riemann suof the voltage versus time data.

Another way to express the hysteresis is tbkkageefficiency, whichis defined
as the ratio of the dischayoltage to the charge voltage as sedfgunation3.6,

(3.6)
w0

whereVischargeaNd Vehargeare the average voltage during discharge and charge. Voltage
efficiency would be equal to 1.0000 if there was no polarization whatsoever and the cell
was operating at equilibn conditions. Thus, voltage efficiency can be a good indicator

of cycle life.

3.10 .6 Coulombic Efficiency

Due to reactions that occur within any electrochemical, ¢b# charge and
discharge capacities of any given cycle will not be equal. This asymnia captured in
the metric of @ulombic efficiency Itis defined as the ratio of the discharge capaufity
a cycleto the charge capacitgf the cyclethat immediately follows jtas seen in
Equation3.7,

(37)
# %

where Qischarge@Nd Qnarge@re measured capacities (mAhfj)the corresponding cycle

The ideal cell would have ao@lombic efficiency of 1.0000 and cycle indefinitely, owing
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to the fact thaho parasitic reactions are taking place and the charge transferred on both
the charge and discharge of the cell are equal. This is never the caseuorisadalf-

cells and typical Gulombic efficiencies on the order of 0.990lessare observed.
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CHAPTER 4 NaxCrxTi1x02 (0.6 O x O 1)

4.1 Introduction
Titanium oxides and phosphatdisplay a low average voltage versus sodium
Examples include Tig) NaTk(PQs)3, and NaTizO7 [66,67,90] More recently, layered
sodum titanium oxides substituted with another transition metal, such as
NaNix2Tizx202 ( 0 . 60 O1 . @3NiysTi2NB, NaysCousTizsO2 have been reported
[917193]. When cycled to low voltages in sodiugells, these NaxM?*w2Ti*" 14202
materials have a single sloping plateau at ~0.7 V due to @i redox couple[91i
93]. In situ XRD studies of NasNio.3Ti0.602 indicate that this is an intercalation process,
with the material's P2 structure being maintained during cycling and only 2% volume
expansion occurring during sodiatif#l]. The capacity is directly related to the number
of sodium vacancies in Ndix2Ti1x202. The sodiumcan intercalate into the vacant
lattice sites which is likely the cause of low volume expansion during cy@itjg Due
to these small changes of the crystal lattice during charge and discharge, good cycling
stability is observed in these materials. Over 3000 cycles has been demonstrated for
Nap/3Cou3Ti2z02, with ~85 % capacity retentiof®3]. All of these type of materials
reported can be cycled using bulk powders, without large amounts of carbon black, which
is nd common for pure titanatg®1i93]. This may be due to enhesd electronic
conductivity imparted by the presence of late first row transition metals in the samples.
Previous reported layered sodium transition metal titanium oxitEgative
electrodematerials emplogd transition metals in a +2 oxidation state,uléeg in a
stoichiometry of NaMx2Tiix202. The sodium chromium titanate series was first

report ofa transitionmetal in its +3 stateesuling in a layered sodium transition metal
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titanium oxidenegative electrodenaterial of the formula N&xTi1xO2. Specifically,
P2NaysCro.6Ti0.402 was found to be an excellent negative electrode material with low
hysteresis (0.11 V) during cyclingood reversibility and low voltage.Due to the
presence of chromium +3 in this material it can also be used @ssitive electrode
material, enabling a battery to be made out of a single material. TheSM&i0.40> is
referred to as aidunctional or dual electrode

This is the first study of the N@rTi1xO2 series and the compositions therein. A
patert was filed on the N&Cro.eTio.4O2 composition in 2014. Others have published in
this area since that time. Wamyg al reported an approach to prevent’Nacancy
ordering by breaking charge ordering in the transition metal [@#@r This allows the
design of disordered electrode materials with long cycle lifeg sCla.6Ti0.402 was used
as an example to demonstrate this approach and cycled as a negative electrode in sodium
cells. More recently the entire MNerkTi1.xO2 saies was examined by Tsuchighal as
possible bifunctional electrode materials and the electrode performance was tested in

sodium cell495].

4.2 Experimental

The NaCrTiixO2ser i es WwROr das Syntltesiz€ll via a solid state
reactionon the scale of about 6uging stoichiometric amounts of M&O; (Bi o Xt r a, o
99.0% SigmaAldrich), CrO3 (50 & m, O  ARIrict) ar® iTig rpariss, 99
100.5 %, SigmaAldrich). The precursors wer@PEX ball milled under ambient air with
three half inch steel balls for a half hour and the resultant powder was pressed into ~2 g
pellets at 2.55xT0Pascals prior to heating at high temperature. Agom atmosphere

was used for synthesis and two separate heating protocols were employed depending on
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the value ofx in order to achieve pure layered phaségh e n & O 6 Chéafing was
done at 1000 °Cof three hourandwhen0 . 7 %0 O1 heating was done

five hours

4.3 Results and Discussion
Figure4.1 shows an SEM image of thke= 0.6 as prepared powdelt comprises
2 um hexagonal platéke primary particles that are aggregated into secondary particles

of about 20 um in size.

Figure4.1: SEM image of the as preparedo¥aro ¢Tio.4O. powder.

The XRD patterns for the as prepared samphleders is shown ifrigure4.2. Samples
from &O7% @&re O3 t ywitea largeiamornt of sodipm vacancies
ranging fxOormm. ®66 aOA thd3& loweryspdaum concentrations, the
sodium tends to be energetically stabilized at the larger prismatic $hese is a O3/P2

coexistance region around = 0.7. Below x = 0.6 there is an unidentified
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electrochemically inactive second phase that appeHng. crystallinity of the materials

tends to decrease with increasig
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Figure4.2: XRD patterns of the NErTi1xO2s ynt hesi zed

57

pox@d dr. ©.from



Rietveld refinement was performed for the single phase materials. An example of such a
refinement is shown ifrigure 4.3 for the x = 0.6 sampleThe refinement resultech ia

good fit and the crystallographic parameters usedhe refinement are listed in Table

4.1. These are in good agreement with previous reports bgt¥al who alsoprepared
nonstoichiometrichexagonal sodium titanate chromsit96]. The large number of
significant figures in thgowder diffractionrefinement results are a reflection of the
uncertainty in the refinemeant They are not the uncertainty in the occupancy, atomic

positions or lattice constant values.
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Figure4.3: Experimental XRD pattern and refinement ofiR& ¢Cro 6T i0.40-.
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Table4.1: Structural mrameterbtained from Retveld refinementof Nay ¢Cro 6Ti0.40, XRD data
Nao.6Cro.6Ti0.402 (space goup: P&/mmc)

atom site X y z occupancy
Na 2b 0 0 0.25 0.1946(1)
Nae 2c 033 067 0.25 0.3778(7)
Cr 2a 0 0 0 0.60

Ti 2a 0 0 0 0.40

O Af 0.33 0.67 0.0829(5) 1.00

Cell parameters  a(A) b (A) c(A)
2.936(4) 2.936(4) 11.223(1)

a(e) b(e) g(e) 297
90 90 120

R-factor

The ordered layered structure of the sodium deficient P2 structurexGfxNia-
xO2 is illustrated inFigure 4.4. The transition metals and sodium occupy alternating
layers of octahedral and pmatic sites, respectively, with vacancies occurring in the
sodium layer. Two separate sodium sites are present in the sodium layer, namely 2b and
2c, which are face and edge sharing with the octahedra of the transition metal layer,
respectively. The edgsharing prisms tend to be of higher occupancy as they are lower
energy in comparison to the face sharing di#8s This is likely due to the increased

distance from the transition metals and results in less$restatic repulsion.
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Figure 4.4: Representation of the Ma,Cr,Ti1xO- structure, with vacancies and local sodium
environments highlightedThe P2 unit cell is indicated by the solid black lines

Figure 4.5 shows how the lattice constarésand c of the NaCrTi1.xO2 series
change with respect ta To directly compare thee lattice constants of the P2 and O3
structures, the lattice constants of the P2 structures weandtiplied by a factor of 3/2
As x is increased the lattice constanncreases, while decreases. Also, there is a slight
discontinuity for the lattice constants in the transition from P2 to O3. The increase in
with x can be attributed to the smalienic radius of Tt* compared to Gt [26], while
the decrease in thelattice constant witkx is likely due to the decrease in electrostatic

repulsion between oxygen layers as vacancies in the Na layers are filled. Siace the
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lattice constant increases, while the c lattice constant decreases, wit@ unit cell
volume chages very little over the entire series. The lower panélignre 4.5 shows

that the calculated density increases linearly wjtdue to the unit cell mass increasing

with increasing sodium contentAlso displayed inFigure 4.5 is the true density as
measured by a helium gas pycnometer. The measured densities are consistently slightly
lower than the calculated detiss. This is likely due to a very mintwss of sodium

from these materials duringdhhigh sythesis temperatures.
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Figure4.5: Lattice constanta andc and calculated/true density versus
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Theseresults show thatasolslo| uti on exi sts over axOl ar ge
1.0, for this series. This is further evidenced by the neutron diffraction sated
refinementdor thex = 0.6 and 0.75 samplehown inFigure4.6, Table 4.2 Figure4.7
andTable4.3. In plane chromium/titanium ordering is not apparent in the NPD data as
new peaks do not appeareither the P2 or O3 structure$his isexpected as the ionic

radi of chromium (Ill) and titanium (IV) are extremely close at 0.755 and 0.745 A,

respectively|26].
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Figure4.6: Experimental NPD pattern and refinement ofNRR ¢Cro 6Ti0.40-.
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Table4.2: Structural @rameters obtained from Rietveld refinementieaf ¢CrosTi0.4O, NPD data
Nao.6Cro.6Ti0.402 (space group: BR6nmc)

atom site X y z occupancy
Na 2b 0 0 0.25 0.2201(6)
Nae 2C 0.33 0.66 0.25 0.3765(1)
Cr 2a 0 0 0 0.60

Ti 2a 0 0 0 0.40

@) a4f 0.33 0.66 0.0915(8) 1.00

Cell parameters  a(A) b (A) c(A)
29330 2.933(Q 11.216(8
a(e) b(e) g(e) 218

R-factor
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Figure4.7: Experimental NPD pattern and refinement of K 75Cro 75T i0.25802.
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Table4.3: Structural mrameters obtaineddm Rietveld refinement dfiag 75Cro.75Ti0.250. NPD

data
Nao.75Cro.75T10.2502 (Space group: &n)
atom site X y z occupancy
Na 3b 0 0 0.5 0.7384(6)
Cr 3a 0 0 0 0.75
Ti 3a 0 0 0 0.25
o 6C 0 0 0.2705(1) 1.00
Cell parameters  a(A) b (A) c(A)
R-factar
2.9516(0) 2.9516(0) 16.4240(0)
a(e) b(e) g(e)| 25
90 90 120

It appears that rdering, or lack thereof, is extremely important in these
NaMyTi1yO- materials. Each and every composition reported thus freititerature
has been disordered, implying that this is a prereguisit these materials to cycle
reversibly in sodium cells. In general, there are three types of ordering that can occur in
these type of layered oxides and they can all influence one arj@#jer The most
widely observed ordang is that of sodiurmon vacancy ordering within the sodium layer
with the classic example being }&0C; [97]. Much of the stegiike profiles observed in
sodiumion battery voltage versus capacities plots is due to sodium ordering during
intercalation and deintercalation of sodiunfransition metal ordering can also occur
within its layer. This typically occurs when two metals have a large difference in their
ionic radii. Disorder is observed when there is only a small difference in the ionic radii.
According to crystal chemistihe typical boundary for the transition from disordered to
ordered is a [dii difference greater than 1580]. The final type of ordering is charge
ordering where charges can be localized on specific sites due to stterartions

between electrons. Each of these types of ordering can be coupled to each other.
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Figure 4.8 illustrates that these samples are hygroscopic as the XRD pattern has
additional peaks appearing when samples at lefinibient atmosphere. These peaks
disappeaand t he sampl e i s wherfteecsample éplaged ifi& e a't
furnaceat 120 °C overnight. These resuttdicatethat water molecules are intercalating
into the layered structuré/Vaterandcarborate anionuptakehas been observed for other

layeredsodium metabxides where there are a large number of sodium vacdA8iE9]

— Pristine
—— 12 hrs Air
—— 24 hrs Air
1 week Air
* Hydration Peak

*
*
. I . I . I . I I .

10 20 30 40 50 60 70

Scattering Angle (deg. 20)
Figure4.8: XRD patterns of the pristine bgCrosTi0.40, material (black) and after the sample has
been exposed to ambient air 12 hours, 24 hours and 1 week shown by the red, green
and bue lines, respectively.

Intensity (a.u.)

Figure4.9 shows the voltage versus capacity cuswed three compositions in the
NaxCrTi1xO2 series namelyx = 0.6, 0.75 and 1.0 versus sodimnetal. Here positive
capacity is defined as when sodiumi added i n excess of t he

composition. Negative capacity occurs when sodium has been removed so that the
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materiafs sodium composition is less than it was originally. This can easily be seen from
the upper »axis in Figure 4.9 where the sodium composition changg in
Nax+yCrkTi1xO2, is labelled. Sodium was initially intercalated into the materials
vacancies by discharging (sodiation) to 5 mV, followed by charging (desodiation) to 3.5
V. Two sloping phteaus with significant capacity are observed at two very distinct
potentials, namely less than 1.0 and greater thaW.3The low voltage plateau occurs at
positive capacities while the high voltage plateau predominately occurs at negative

capacities. The voltage cung werefound to be highly reversiblend have low

hysteresis
y in Na,, Cr,Ti, O,
-0.3 -0.15 O 015 0.3 045 0.6
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Figure4.9: Voltage versus capacity curves for 0.60 (black), 0.75 (red) and 1.00 (blue) cycled
in the voltage window d®.005i 3.5 V. The upper-axis shows the variation in
sodium content (y) from the original material, with positive and negative values
corresponding to sodium addition and remoxedpectively
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As x is decreased the high voltage plateau during chaegesdses in capacity.
This is consistent with there being less sodium available for desodiatior@mNaxO-
asx is decreased. At the same time, the low voltage plateau increases in capadty as
decreased. This plateau is associated with pirayithe material with more sodium than
it had initially. During discharge on this plateau sodium is being accommodated into the
vacancies of the N&€nTi1.xO2 sodium layer. Thereforehe increasing capacity of this
plateau with decreasing is consistenh with the number of sodium vacancies in
NaCr«Ti1xO2 increasing with decreasing This is confirmed irFigure4.10 where the
capacity of the lower voltage plateau during discharge fromi 2003 V versus the
number of vacancg(1-x) is plotted for the entire N@rTi1xO2 series. Also shown is
the theoretical capacity based on each inserted sodium occupying one vacancy in the

lattice. The experimental results are in good agreement with the theoretical capacities.
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Figure 4.10: Capacity versus the number of sodium vacancies for th€rla; O, materials
when charged to 1.5 V (low voltage plateau). Theoretical capacities that were

calculated (solid black line) and experimertdapacities (square black symbodsg
shown.
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The low voltage and low hysteresis of both plateaus in these materials is
interesting for application in sodium cells. Of particular interest are materials with low
values ofx for negative electrodenaterialsand high values ox for positive electrode
materials. Therefore, the cycling characteristics of both plateaus were investigated in
narrower voltage ranges.

Figure 4.11 showsthe voltage versus capacity curve Ndo.sCroeTio.4O2 versus
Na metalcycled in two separate voltage rang&single sloping plateau msbserved aan
average potential d3.7 V. The voltage curve was found to be highly reversible and has
very low hysteresis (~ 0.1 \gnd an initial capacity of 124 mAh/drhis is indicative of
intercalation, which is significant, because converyme reactions typically occur in
transition medl oxides with sodim below 1 V[30,100] It has been found that this is
also the case for other layered sodium transition metal oxides that contain titanium and
another transition metaduch as NasMn1/3Ti2302, Nap.7sFe.75Ti0.2602, Nap3C01/3Ti2/202,

and Na.gNio.3Tio.70x.
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Figure 4.11: Voltage versus gravimetric capacity curve ofoMao6Ti0.40, versus Na metal for
two separate voltage ranges, 0.8.2 V and 0.005 2.2 V.
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After the large sloping plateau, tveonall plateaus are present at ab@btV and
0.1 V. A large irreversible capacity is present in the voltage curve eQ®tasTi0.402 on
the first cyclein Figure4.13. Thisis believel to beattributable mostly to carbon blagk
the electrode formulationCarbon black has a large irreversible capacity at virtually the
same voltage as the M&Ti1yO. type materials. The irreversible capacity of sodium
with carbon black has been measusasd-500 mAh/gn Figure4.12. This corresponds to
~50 mAh/g irreversible capacigontribution to the electrodesudied herein, which have

10 % carbon black in their electrode formulation.
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Figure4.12: Voltage verss capacity curve of a carbon black electrode with only 10 % PVDF
binder versus Na metal.

Reducingthe amount of carbon black can le@da corresponding reduction in

irreversible capacityas shown irFigure4.13 and Figure4.14 where 1, 2.5, 5 and 10%
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carbon black were used in the electrode formulatibhese figures highlight the danger

of not having enough carbon black to enhance the electronic conduction. 5% carbon
black reduces the irreversiblepaity but below this value the reversible capacity is
greatly reduced while hysteresis is greatly increadddwever,the electrode witls %
carbon black cycles poorly over 50 cycles and therefore 10 % carbon black is required in

these titanate based eflmdes.

Voltage (V)

05F

0 25 50 75 100 125 150
Capacity (mAhg)

Figure 4.13: Voltage versus capacitgurve of NaeCroslio4O2 versus Na metal for different
amounts of carbon black in the electrode formulation, 10 % (black), 5 % (red), 2.5 %
(blue) andl % (green).
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Figure 4.14: Capacity versus cycle numbef Na¢Croslio4O2 versus Na metal for different
amounts of carbon black in the electrode formulation, 10 % (black), 5 % (red), 2.5 %
(blue) and 1% (green). Solid and open symbols represent discharge and charge
capacities, respectively.

The differential capacity curve ®ao.6Cro.sTi0.402 is shown inFigure4.15. The

first dischargénasexcess capacity below 0.85dsapearingafter the first cycle This is

due to irreversible capacity during the formation of the initial SEI |layethe active

materialand further irreversible reactions involvingarbon black After the first cycle

the differential capacity becomesversible and comprises a broad peak extending from

about 0.7 V to 1.5V, a very sharp peak near about 0.5 V and a small peak at about 0.1 V.

These peaks correspond to the initial sloping voltage curve, and two small plateaus noted

above in the voltageucve, respectively.

71



800 B I ' I ' I ' I ' I ' I ' I ' I ' I ' _
1st Cycle

--- 2" Cycle
— - 10" Cycle

600 -

1N

(=}

(=]
I

N

(=

o
T

dQ/dV (mAhg-'V-1)
o
2

X

o

o
I

-400 |-

-600 |- | | | | | | | | | ]

0 0.25 0.5 0.75 1 1.25 15 1.75 2 2.25
Voltage (V)

Figure4.15: The differential capacity curve, dQ/dV vs. V, of N@roeTi0.40, versus Na metal
with the first, second and tenth cycles shown in black, red and blue lines, respectively.

Figure 4.16 shows the cycling performance of teame cei shown inFigure
4.11. The cels exhibit a linear fade over 12€cles with the 0.4 V cubff cell
displaying less fade than the 0.005 Vt-off cell. Both show a similatTmaximum
Coulombic efficiency of only < 99.86. These characteristics need to be improved for

such materials to be used in practical applications.
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Figure4.16: Capacity and Gulombic efficiency versus cycle number of the, B sTi0.4O; cells
cycled between 0.0052.2 V (black) and 0.4 2.2 V (red) over 120 cycles.

Figure 4.17 showsin situ XRD patterns of a NaCrosTio4O2 cell with the

corresponding voltagdéime curve. In situ cycling was performed between 0.15 and 2 V

over two cycles. Most peaks correspond to theéNB%CrosTi0.402 phase, as indicated in

Figure4.17. Otherpeaks in the XRD patterns are causgdhe Be window, with BeO

on its surface, and stainless steel cell pafisese peaks do not shift during the charge

and discharge processes.

Nao.6Cro.6Ti0.402.

The initial XRD pattern is that of the phase pure P2

During cycling only shifts in peak pdisins were observed and the

electrode material remains in the P2 structure throughout the entire charging and

discharging process. This is indicative of a reversible intercalation process. This has also
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been observed for NaNio3Tio.7O2 and is reflecire d the stability of the P2 phase

[91,101]
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Figure4.17: XRD patterns measured during charge and discharg&laférosTio.4Oz in situcell
with the corresponding voltagene curve. Mostpeaks correspond to the P2
Nao.¢Cro6Ti0.402 electrode marked byD), with other peaks resulting from telarts
such as Be or steel denoted WY.(

During the first discharge, the (QQoeaks shift to higher angle while the )10
peaks shift to lower angle. This indicateattthea-axis is expanding and treaxis is
contracting while sodium is being inserted. During discharge, the opposite occurs and
the peaks shift to tlreoriginal positions. Figure 4.18 shows the lattice parameters,

voltage,and unit cell volume plotted versus time. The expansion of-thasais almost
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completely compensated by the contraction of thexis, resulting in a small overall

volume expansion abnly 1.0% at full sodiation. This is advantageous, since materials

with low volume change tend to maintain structural integrity and retain contact with the

current collector over many charge and discharge cydlbs. expansion and contraction

of the lattice constants is highly anisotropic, even thought the overall vabamge is

almost negligible. This anisotropy is common for layered intercalation compounds when

an alkali is inserted and removed. This is becausectlatice constant is highly

dependent

upon

t he

al kal i

c o frameonide rstaeét i

on

repulsion while thea lattice constanis more dependanfpon theMO bond lengths.
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Figure4.18: The variation in the lattice parametargopen circles) and (closed circles)
vs. time (a) corrgponding to the NaCro.sTi0.4O2 in situ X-ray cell voltage
curve (b). Unit cell volume vs. time is also shown in panel (c) corresponding
to the voltage curve in (b).

75

11.2

111.1

11 Z
109 o
10.8

10.7



Figure 4.19 shows voltage versus capacity curves 0b.éla.6Tio.«O> cycled at
rates ranging from C/10 to (11 mA/g) to 5 C (550 mA/G}rate was defined based on a
theoretical capacity of 110 mAh/g, which is based on the number of sodium vacancies in
the structure. The rate capability was poor. This can be eesily seen ifkigure4.20
where cycle number versus capacity is plotted. Cycling at 2 C resulted in a capacity that
was 52% of the C/10 capacitwith a dramatic increase in hysteresisFurther
improvements in rate capabiliye desirable if these materials are to be used in practical

applications.
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Figure 4.19: Voltage versus capacitgurves ofa NaCrosTi0.4O- cell cycled at different rates

The cellwasdischargedo 0.005 V andchaged to 2.2 V for five cycles each at rates
of C/10(black), C/2(red), 2C(blue), and C/1Qgreen)
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Figure 4.20: Capacity versus cycle number ofNa¢CrosTio.4O2 cell cycled at differentates.
The cell was charged to 0.005 V and discharged t& 2a2 five cycles each at rates
of C/10, C/2, 2C, and C/100pen and closed circles represent discharge and charge
cycles, respectively.

The performance dNap.eCro.sTi0.402 was also evaluateid Li cells. Figure4.21
shows the voltage versus capacity curvdlafeCro.eTio.4«O2 versus Li metal. It has a first
discharge capacity of 122 mAh/g (or 400 Ah/L) and a large irreversible capacity with Li.
This irreversible apacity is primarily due to the carbon black in the electrode
formulation, as in the case of sodiufigure4.22 shows the cycling performae of the
same cell inFigure4.21. After 10 cycles, the capi#g slowly fades linearly, with about
100 mAh/g capacity retention after 30 cycles. The electrochemical behavior of

Nao.eCro.sTi0.402 versus lithiumis very smilar to its performance versus sodiunowever

the average voltage in lithiurcells (1.44 V) is much higher than that in sodiucells
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(0.70 V vs. Na, which corresponds to 1.03 V vs Li). This is typical of transition metal
oxides where intercalatioor conversion reactions with lithiuwccurat higher voltages

than with sodiunj30]
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Figure 4.21. Voltage versus gravimetricapacity curve of NaCroelio4O2 versus Li metal
between 0.4 2.4V, with the first and tenth cycles represented by solid and dashed
lines, respectively.
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Due to the presence of chromium (lll) in these layered oxidpen sodium
deintercalation chromium could be oxidized to chromiuxf).(IThis would enable itsaa
possiblepositive electrodematerial. Figure 4.23 shows thefirst couple of charge and
discharge curves of M@rxTi1xO2 wherex = 0.6, 0.75 and 1.0 in the upper voltage range

with varying upper vahge cuoffs.

—x=1.0
—x=0.75

Voltage (V)

0 50 100 150 200 250
Capacity (mAhg-)
Figure4.23: Voltage versus capacity curves for 0.60 (black), 0.75 (red) and 1.00 (blue) cycled

using a lower voltage cutff of 2.5 and varying upper voltage enffs, 3.5, 3.8 and
4.0V.

As x is increased the upper W@ge capacity also increases, regardless of the upper
voltage cutoff. The x = 0.6 composition shows voltage curves with smooth slopes
without plateaus up to 3.8 V. This is indicative of a single phase reactiomy dadium
deintercalation and intercalation. All other voltage curves show plateaus or step like

voltage behavior. The averagedium storage voltage for the materialspears to
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increase with decreasing even with the same chromium redox couplé* substitution
has been showm the literature to causeomplex voltage behavior and the average
voltage is highly dependent upon whether higher voltage plateaus are a¢t@2%ed

Based on the cycling reversibility results of the high and low voltage plateaus for
Nao.6Cro.6Ti10.402, a sodiumion full cell was constructed where it was usedah Ithe
negative and positive electrode. This strategy of using a single material for both
el ectrodes in a single battery offers obvi
costs. Figure4.24 shows the voltage versuspeity profile for the N&eCro.eTio0.402 full

cell in the voltage range of 3i11.7 V.
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Figure 4.24: Voltage versus capacity of a full cell usiegnegativeelectrodeand positive

electrodematerial tkat are both NgCroelio4O.. Cycled from 3.1 1.7 V using
1 M NaPFkin PC at a rate of C/10.
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Figure 4.25 shows the capacity versus cycle number of theeSlia.eTio.sO- full cell.

This full cell delivers a mmdest capacity of 80 mAh/g with an average operating voltage
plateau of ~2.5 V. This type of cell where the positive and negative electrode are
constructed using theasie material has been daola symmetric cell, with the single

material referred to askafunctional or dual electrode.
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Figure 4.25. Capacity versus cycle number of a full cell usangegativeslectrodeand positive
electrodematerial that are both N&Croeli0.402. Cycled from 3.1 1.7V using 1 M
NaPF in PC at a rate of C/100pen and closed circles represent charge and
discharge cycles, respectively.

This type of symmetric full cell is interesting due to the slightly smaller and larger cell
volume of the NzCro 6Ti0.402 sodium rid and poor compositions, respectively. This was

highlighted for then-situ results found irFigure 4.18 where volume chages were less
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than 26. This means that changes to the total volume of the dual electrode battery using
Nao.sCro.sTi0.402 would be negligible, as the volume changes would be complimentary.
This situation is very different in a traditional lithidion battery composed of a graphite
negative electrode and a LiCgpfositive electrode where both expand during gimay.

The x = 0.75 composition of this series showed interesting electrochemical
behavior upa cycling from 5 mV to 3.5 V, as shown Kigure4.26. At this specific
composition the high and low voltage plateau have capadtitedsare very similar and

low hysteresis is observed.
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Figure 4.26. Voltage versus capacity profile of NaCro.zsTio.250. material cycled from 0.0056
3.5V.

A secondx = 0.75 composition was madesing the same synthesis conditiomsere the

sodium content was close to 1While at the same timehte chromium titanium transition
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metal ratio was kept the sam@&his gave a chemical formula of Na@4Tio.2502, which
will be abbreviated ag = 1. Figure4.27 shows the voltage versus capacity profile of
both of thex = 0.75and 1samples cyclethetween 0.005 and 3.5 8farting witheithera

charge or discharge cycle.

X
-0.5-04-03-02-01 0 01 0.2 0.3
3.5 . LJ l LJ l LJ l LJ l LJ l LJ l l' l LJ l ’l ‘l LJ -
- ’/rl
3 - -, - o , -
7”, = P
3F 7 -
7"
L / o
1!

2.5 - [} ) 7
_— o -
= Ll ]
Q
o)) L .
S
=15F -
(o}
> 3 Nag 75Crg 75Tig 250,

1 discharged 1st
- Na0.75cr0.75Ti0.2502
L charged 1st L
. NaCr, ;5Ti, ,s0,
05 discharged 1st
B - NaCry;sTip 50, 1
charged 1st
OF L M B BTN DN P BN R B

-150-125-100 -75 -50 -25 0 25 50 75 100
Capacity (mAhg)

Figure4.27: Voltage versus capacity profile of the JN&Cro.75Ti0.260; (black) and NaGirzsTio 250
(red) cycled between 0.005 and 3.5 V. The solid and dashed curved were started on
discharge and charge cycles, respectively.

The difference in sodium content casadily be seen from the lower voltage plateau

capacity. The higher sodium content composition shows almost no capacity at low

voltage while the lower sodium content composition that has vacancies in the sodium
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layer gives a capacity of approximately 70Atnlg. What makes this result interesting is
the fact that both of these compositions adopt the O3 structure and if the
Nao.75Cro.75T10.2502 material is discharged to 0.005 V it becomes fully sodiated. This
means that the NasCro.75Ti02502 material hasnow become NaGrsTio2s02. The
reverse is also true of the Na@4Tio.2sO. material charged to 3.5 V. It becomes
desodiated and its composition is Now & 1o.75Ti0.2802. Ex-situ XRD was done on all

of these compositions to see what structuralngea were occurring as each pristine
materialwas either charged or dischargefigure 4.28 and Figure4.29 show that all of

the compositions remain in the O3 structure.

— T
— x =0.75, OCV
— X =0.75, 5mV

Intensity (a.u.)

10 20 30 40 50 60 70
Scattering Angle (deg. 20)

Figure4.28: XRD patterns of the OCV, open circuit voltage, prisiibkck) and discharged (red)
Né&o.7sCro.75T10.2602 material.
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Intensity (a.u.)
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Figure 4.29: XRD patterns of th@CV, open circuitvoltage,pristine (black) and charged (red)
NaCrp.75Ti0.2502 material.

This means that identical structuresay coexist at very different voltages. This is
impressive as the voltage difference is about 1.51Mwas originally thought that this
phenonenon could be due to differences in transition metal ordering within the layered
structure. However, NPD experiment resudt®own inFigure4.7, Figure4.30, Table4.3
andTable4.4 revealed that no chromium titanium ordering was presenthereihex =

0.75 or 1 samples.
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Figure4.30: Experimental NPD pattern and refinement of l&Cr.75Ti0.250x.

Table4.4: Structural @rameters obtained from Rietveld refinemeniaCi 7sTio.2:0. NPD data
NaCi.75Ti0.2602 (Space group: &m)

atom site X y z occupancy
Na 3b 0 0 0.5 0.9811(Q
Cr 3a 0 0 0 0.75

Ti 3a 0 0 0 0.25

0 6¢C 0 0 0.2314(3 1.00

Cell parameters  a(A) b (A) c(A)
2.961(0) 2.961q0) 16.13070)

a(e) b(e) g(e)| 144
90 90 120

R-factor
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More carefulexsitu or in-situ XRD experiments need to be carried out in order to
confirm the existence of identical structures at different voltages. At this time the
0.75exsitu results show a decrease in thiattice constant as sodium is inserted at low
voltageas expectechowever, thex = 1 exsitu results do not show a substahtihange in

thec lattice constant as sodium is removed.

4.4 Conclusions

The NaCrTi1xO- series wasynthesized via a facile solid state reactidiese
materials display two major plateaus during cycling in sodium cells, one at high voltage
and oneat low voltage. The high voltage plateau is associated witbhitzanium +3 to
+4 redox couple while the low voltage plateau is associated with the titanium +4 to +3
redox couple.The capacity of the high voltage plateau increases with increagbkie
the low voltage plateau decreases in capacity with increasirn@f all the materials in
the NaCrTiixO2 series, NasCroeslio4O2 is of most interest as a potential negative
electrode material due to its low voltage and low hysteresis in sodium délsan
reversibly intercalate sodium at an average potential of 0.7 V asgtihow as 0.1 V
hysteresis This low voltage capacity comes from the existence of sodium ion vacancies
in the layered P2 lattice structure aie previously mentionedi*/Ti*" redox couple.
Nao.6Cro.6Ti0.402 hasgood cyclability and a first charge capacity of 120 mAfwg457
Ah/L) during cycling etween 0.005 and 2.2 V versus sodiwaich corresponds to a
1500 Wh/L volumetric energy density in a cell vs. a #dsitive eletrode Cycling P2
Nao.eCroslio.4O2 versus Li yields a similar capacity, however the average intercalation

potential is much higher, at 1.44 V vs Li.
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Comparedd the other known layered Né,Tii.yO, materials such asM = Li*,
Ni2* and C@8*, Nao.¢Cro6Tio4O2 has higher reversible capacityl 20 ver sus 0100
and lower hysteresig0.1 versus 0.2 V) on the low voltage platept0,92,93]
Nao.6Cro.sTi0.402 canalsobehave as both a positive and negative electrode making it a
dual purpose materialFull cells can be made from this single material for reduced cost
and they display good cyclabilityThe only other exaple of a bifunctional material of
this type is NasNiyzT12302. While NaysNiizT12302 falls short on the low voltage
plateau compared to Ne&CrosTio.4O2, as outlined above, it displays a higher average
voltage (3.7 versus 3.5 V) amighercapacity(90 versus 80mAh/g) on the high voltage
plateau, however fultell data has yet to be presented.

Finally, afascinatingcomposition in this series, namely )& .75Ti0.2602 wherex
= 0.75 or 1, interestingly shows structurally identical materials vdyefed in sodium
cells but with vastly different voltages. Further work is needed to fully understand this

phenomenon.
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CHAPTER5 NaxVxTi1-xO2 (0.66 Ox O 1)*0

5.1 Introduction

Na\VO: has been studied as an electrode material for sedinrbatteries. The
electrochemistry and structure of )N&®. pure phases having either octahedral or
prismatic symmetry have been demonstrgB&il37]. Both P2 or O3 phases of &>
can tolerate the reversible removaineertion of 0.5 Na, corrpsnding to a capacity of
120 mAh/g. Approximately 50 % of this capacity is centered near 1.6 V, with multiple
voltage steps, which can be associated with sodium ion ordering within layers. The P2
phase has less hysteresis than its O3 counterpart aldmgwpierior rate capability. This
is likely due to the higher sodium diffusion barrier for O3 Na migration from edge shared
octahedra to tetrahedra sites versus the more facile P2 Na diffusion between face shared
prismatic sites. The mechanism for sodiueintercalation/intercalation also appears to
be dissimilar for the P2 and O3 phases as the differential capacity curves are significantly
different. During sodium deintercalation, both NaZi@hd NaVQ have high average
voltages of 1 V or greater, which wid result in lower energy density, if they were
employed as negative electrode materials iriddacells. Although reversible Na
removal from NaTiQ or NaVQ: has been discussed, the low voltage Na insertion in
these materials has nan this study, théow voltage Na insertion into the N&Ti1.xO2
series was investigated. These materials were found to have high reversibility for low

voltage Na insertion with little hysteresis.

*This chapter was adapted with permission frbralden, R.; Cole, L.; Obrac, M.N,
Low Voltage Sodium Intercalation in W&Ti1xO2 ( 2 / 30 OI.)Electrochem. Sac.
2017, 164, A490/A497. Copyright 2017 Electroch@cal Society. The author
performed all of experimental work and writing contained in this paper.
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5.2 Experimental

To prepare Na/xTiixO2( 2 /30 QA ), a p 6g af xstoioh@ometric gatio
of N&COs; (B i 0 Xt 99.8% SighhaAldrich), V203 (99.7 %, metals basis, powdehlfa
Aesar) andanatase Ti@(puriss, 99 100.5 %, SigmaAldrich) were SPEX ball milled
under argon with two half inch steel balls for a Hadur and the resultant powder was
pressed into ~2 g pellets at 2.55%F&. The pellets were then heated at ¥t a 5 %
H> in Ar atmosphere for 6 hours. A 5 % excess by weight olCRe was used to
compensate for the loss of sodium due to its vdla@t the high reaction temperature.
After synthesis, the samples were transferred directly to an argon filled glove box without
air exposure, to avoid reactivity with water, as the products were found to be

hygroscopic.

5.3 Results and Discussion

Figure5.1 shows SEM images of the b/ 23Ti1302 material. Theas prepared
powderNag3V23Tiyz02 sample in pandla) of Figure5.1 has a particle size ranging from
2-10 em with a s momotpholodydanal ¢bpafFigure5.5 dhawp the
powder with a roughened surface after air expodore30 days highlighting the

hygroscopic nature of these samples.

Y W Baes | 10em ——
Figure5.1: SEM image showin@laxsV 23Ti130, particles as prepared by solid state syntheis.

pristine powder and a powder exposed to air for 30 days are shown in panel (a) and
(b), respectivelyAdaptedwith permission from Reference 108
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Figure5.2 shows the XRD patterns of the NaTiixO2s er i es wiDe rlesthg. 6 UO
the notation by Delmaf79], s amp | es wiQ h0 .07. 6&6r eO phase pur e
structure whilesampleswi t h x00. 81 .® are phase pure with
transition metals and sodium ions occupy alternating layers of octahedral and prismatic

site symmetry, respectivelyWacancies are present in the sodium layatissussed in a

previous reporf91]. For compositions withkx < 0.66, multiple unidentified phases are

present. It s found that this causes the observed capacity to be much lower than the
theoretical capacity for these compositions, suggesting that the additional phases are
electrochemically inactive. It is thought that at such jowalues there are not enough

sodium ions present in the Na layer to maintain the layered framework.

lll A | Y
: ’ 1 ’

Linear Intensity (a.u.)

| x=0.6
njul.L | sl b

L L 1 L 1 L
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Scattering Angle (deg.20)
Figure 5.2: XRD patterns for the N&,TiixO2 s er i es fx ® mlRe@rouced vih
permission from Reference 108

lnlll A
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Rietveld refnement of the XRD patterns was conducted for all the single phase samples.
The Bragg R factors of all the refinements wess tharb %. As an examplefigure5.3

shows the measured XRD pattern of:Mé3Ti1z02, the XRD pattrn calculated by
Rietveld refinement of the P2 structure, a difference plot, and Bragg reflections. The

crydallographic parameters obtained fréme refinement are listed fable5.1.

t X axp.
— cale.
diff.
-_:E~ ! | bragg
1]
—— o
z| g S
)] -~ g
E -
=
| I i1 1 | | (N
1 | 1 | 1 | 1 1 1 | 1

10 20 30 40 50 60 70
Scattering Angle {(deg. 20)

Figure5.3: XRD pattern and Rietveld refinement of IN®»3Ti1z0., with Bragg peaks indicated.
Reproduced vih permission from Reference 108
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Table5.1: Structural @rameters obtained from R¥etd refinement oNap3V 2/3Ti130. XRD data
Nao.66V0.66110.3302 (Space group: Bnmc)

atom site X y z occupancy
Na 2b 0 0 0.25 0.2100(2)
Nae 2c 0.33 066 0.25 0.4223(8)
Vv 2a 0 0 0 0.66

Ti 2a 0 0 0 0.33

o) 4f 0.66 0.33 0.0911(4) 1.0043(6)

Cell papmeters  a(A) b (A) c(A)
2.951(8) 2.951(8) 11.239(1)

a(e) b(e) g(e) 25
90 90 120

R-factor

Neutron diffraction studies were also done the x = 0.66 and 0.8 samples and
determind that noin plane ordering was occurring in tisediumor transition metal
layer. The NPD patterns and fit parametas be seen iRigure5.4, Figure5.5, Table

5.2, andTable5.3.

I ! I ! I ! I
X  exp.
— cal.
diff.
| bragg peak

%

Intensity (a.u.)

| N e I N N I T

10 20 30 40 50 60 70 80
Scattering Angle (deg. 26)
Figure5.4: Experimental NPD pattern and refinement ofNP& 66V 0.66T i0.3302.
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Table5.2: Structural @rameters obtained from Rietveld refinemented eV o.66Ti0.3302. NPD
data

Nao.66V0.66110.3302 (Space group: B6nmc)

atom  site X y z occupancy
Nar 2b 0 0 0.25 0.2294(5
Nae 2C 0.33 0.66 0.25 0.4226(9
\ 2a 0 0 0 0.66

Ti 2a 0 0 0 0.34

@) a4f 0.33 0.66 0.0937(% 1.00

Cell parameters  a(A) b (A) c(A)
2.95§0) 2.9580) 11.287(6
a(e) b(e) g(e)l 218

R-factor

90 90 120
! I ' T T T T T
X exp.
x ——cal.
X & | bragg peak
3 R ¥
(3]
."? K S X
(7))
o X
b D
I y 3 < |l
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Figure5.5: Experimental NPD pattern and refinement ofl0& sV 0.8Tio.20o.
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Tableb.3: Structural @rameters obtained froRietveld refinement oNap.gVo.sTio.20, NPD data
Nao.gVo.8Ti0.202 (Space group: &n)

atom site X y z occupancy
Na 3b 0 0 0.5 0.6515(5
\Y 3a 0 0 0 0.8

Ti 3a 0 0 0 0.2

O 6¢C 0 0 0.2687(3 1.00

Cell parameters  a(A) b (A) c(A)
2.962(0) 2.96870) 16.48540)

a(e) b(e) g(e)|l 273
90 90 120

R-factor

Figure5.6 demonstrates the air stability of these materials. It shows XRD patterns of the
Nax3V23Tiz02 material after being exposed to ambient air for differing amounts of time.
NaVQ; is known for its poor air stability35,36], however as titanium is substituted for
vanadium and sodium vacancies are @@at these layered compounds their air stability

is markedly increased. After 30 days the air exposed P2 sample shows only slight
changes in the peak positions and peak intensity in its XRD pattern, with no new peaks
appearing. This is also in stark ¢@st to the P2 chromiurtitanate samples in the

previous chapter where only a few hours produced new peaks in the XRD pattern.
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Figure5.6: XRD patterns of the NaV23Ti130. sample after exposure to aiibt air at all, 1 day,
7 days, and 30 days shown in black, red, blue, and green, respectively.

Figure 5.7 showshow the lattice constant and c of the NaVxTi1xO> series
change with respect ta To directly compare the lattice constants of the P2 and O3
structures, the lattice constants of the P2 structures wandtiplied by a factor of 3/2
As x is increased the lattice constanincreases, while decreases, and, furthermore,
there is a slight discontinuity for thattice constants in the transition from P2 to O3. The
increase ira with x can be attributed to the smaller ionic radius df €ompared to ¥
[26], while the decrease in thelattice constant withx is likely due to the decrease in
electrostatic repulsion between oxygen layers as vacancies in the Na layers are filled.
Since thea lattice constant increases, while the c lattice constant decreases, With

unit cell volume changes very little over the entire series. The lower paRgjure5.7

96



showsthat the calculated density increases liheavith X, due to the unit cell mass

increasing with increasing sodium contenflso displayed inFigure 5.7 is the true

density as measured by a helium gas pycnometer. The large differences observed for the

two density valueat highx values will be discussed below.

3.03 , l l I , I
I P2 03 I
3+ A -
g I A |
®© 2.97 | A .
L . . -
2.94 - .

* % % % * %
168 @ o il
o 16.4 - A i
- A -

A
16 - -

% % % % % %
‘TTE' 4.2 - A
o | 4 ‘
2 4r A " B -

o ° b ®/ A calculated

O38t  § F 1 ll measulred .

0.6 0.7 0.8 0.9 1

X

Figure 5.7: Lattice constants and the density of the\Nai;xO. O .

666001.0 series

layered phases were observed. The lattice constaatsl c are shown in top and
middle panels, respectively, and the density is shown in the lower panel. P2: circles,
O3: triangles. The lower panel also shows true densipngyeter measurements
with red squaresind black error bars The dotted box is to illustrate the transition
region from P2 to O3 structure typd®eproduced wh permission from Reference

108
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Figure5.8 shows he sodium contenk) from ICP measurements versus the target
sodium compositionx. The solid black line is the where they should be in exact
agreement. The ICP measurements tend to be lower than the target sodium composition,
suggesting sodium has bdest during the high temperature synthesis. Although the ICP
measurements aran accurate measure of the total sample compositivey do not
necessarilyeflect the stoichiometry of the phases forméuleedthe ICP results will be
shown below to bénconsistent with electrochemical, XRD and density measurements,

which is indicative that other phases are formed during synthesis.

0.5 M 1 M 1 M 1 M 1 A |

0.5 0.6 0.7 0.8 0.9 1
X
{target composition)
Figure5.8: Sodium contentq) from ICP versus the experimental targekofThe solid black line

shows where they would be in exact agreemBeproduced wvth permission from
Reference 108
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Figure5.9 shows voltage curves of tidaVxTiixO2( 0. &® D. 0) seri es
in Na halfcells. The ciis were initially discharged (sodiation) to 0.005 V, and then
charged Here positive capacity is defined as when sodium is added in excess of the
initial sodium composition. Some negative capacity occurs when sodium has been
removed, so that the matdsiasodium composition is less than it was initially. Over half
of the first discharge capacity can be attributed to the carbon black used in the electrode
formulation. The type of carbon black used here was measured to have 500 mAh/g
irreversible capaty versus Na. This corresponds to about 50 mAh/g irreversible
capacity in all of the N&xTi1.xO2 cells. For allmaterialsduring the initial discharge to
0.005 V, threesloping plateasi occur at about 1.8, 0.7, and 0.1 During the subsequent
chargefour sloping plateausan be observed at about 0.1, 0.7, 1.8 an&/2.lPart of he
highest plateau occurs at negative capacities, while all the other plateaus occur at positive
capacities. None of the plateaus were found to be very reversible irol@gevrange
and all plateaus faded during subsequent cycles. The 0.7 V plateau has been
demonstrated by XAS to be due to thé'Mmii*>" redox couple iNao g CroeTio.4O2[94],
however in NaV«Ti1xOz the \VB*/V?* redox couple mpaalso be contributing. The large
voltage window used is thought to be the reason for the poor cyclability of these
materials. If smaller strategic voltage windows are employed, depending upon the
composition, very stable cycling with low voltage polatian can be achieved, as will be

demonstrated below.
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Figure 5.9: Voltage curves of N&xTi1xO,0 . 6 80 O1 . 0 . phe acsliens content during
cycling is indicated on the top axis yas NawyVxTi1xO2. Arrowed lines indicate the
capacity at certain voltages due to sodium loss (red), carbon black (black), titanium
redox (blue) and vanadium redox (greemeproduced wih permission from
Reference 108

The voltage curve of thg = 1 NaVQ sample consts of an initial plateau at
about 1.7 V that corresponds to th&NV4** redox couplg35], followed by a sloping

voltage curve that can be attributed to carbon black. The presence of the 1.7 V plateau is

100



unexpected. NaV®should not contain any %/ and should not have vacancies in the
sodium laer. Therefore, NaV@should not be able to accommodate excess sodium and
its initial discharge capacity should be zero. However, if Na is lost from the structure
during synthesis, resulting in Na vacancies, there would be added capacity during the
initial discharge. This should also result in lower measured densities than what is
expected from the crystallographic densities, which is in fact what is obserieguie

5.7. By comparing the lattice parameters from XRD measurtsrtenthe true density
measurement, the actual sodium content of the Na&@ple was determined to be 0.8

or about 0.2 Na vacancies exist in the structure. This corresponds well with the
electrochemical results, in which about 0.18 formula units of Néddoe inserted into

this material above 1 V. Indeed, this is observed in previous reports of NaVvO
synthesized with nestoichiometric amounts of sodium in the layered strud@6e37].

The voltage curves of other N&Tii1xO2 compositions also show an initial
plateau at 1.7 V. The capacity of this plateau decreases with decreasieg ofx. This
suggests that less Na loss occurs as the V content is decreased and the Ti content is
increased. The amount of Na loss can be calculated from the capacity of the 1.7 V
plateau. Figure5.10 shows a plot of theoslium loss, z, versus the target sodium content,

X, in Na--VxTi1.xO2 as measured with a pycnometer and as calculated from the capacity
of the 1.7 V plateau. There is a clear correlation between the two measurements,
indicating that the more the pycnometdensity measurements deviate from the

calculated densitythe greater the sodium loss in the samples, which is manifest as added

capacity at 1.7 V. Therefore, accordingRigure 5.7, the samples with the greatest Na
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loss are te x = 0.8 andx = 1 compositions, since theray density and pycnometry

density deviate the most for these samples.
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Figure5.10: Sodium loss (z in NaV«Ti1.xO,) versus sodium target compositien Blad circles
denote the sodium loss calculated from pycnometry, while red triangles show sodium
loss from the electrochemistigeproduced wih permssion from Reference 108

Interestingly, although the pycnometry, XRD and electrochemical results are in
exellent agreement with respect to sodium loss at kighlues, the ICP results are not.
Although the ICP results shown Figure 5.8 are indicative of some Na loss during
synthesis, they do not reflect the trend shown by pycrmgnoetelectrochemistry that the
loss becomes more severe as the vanadium content is increased. This is an indication that
sodium is likely lost from the structure to form solids that remain in the sample, but are
not detectable by XRD, such as amorphousQ®:; or other sodium containing

compounds. A simple way to probe the existence eCRaor other sodiuntontaining
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phases is by AR [103]. Figure5.11 shows the FIR spectra of the N&xTi1.xO-
materials. All the samples have strong absorption peaks at ~4bQabelel as peak 'A’

in Figure5.11), which can k attributed to TMO vibrations[104]. Another peak at

~880 cm! (labeled as peak 'B' iRigure5.11), which can be attributed to G@ibrations

in Na&CQOs, sodium oxide or sodium hydroxid&03] is observed only for thg = 0.80

and 1.0 samples. The= 0.8 and 1.0 samples have the largest disagreement between the
ICP results and XRD and pycnometry results, and are those that display strong peaks at
880 cm! in their FTIR spectra. Tis result corroborates the hypothesis that sodium loss
during synthesis results in the formatioranfinactive sodiuatontaining phase.
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Figure5.11: FTIR spectra of the N&Ti1x0,0 . 6 60 O1 . 0 .sAs digtussed in the text,
peak A is attributed to metakygen bonding in the layered oxides, while peak B is
attributed to sodium carbonate or sodium oxide surface spéd@soduced vii
permission from Reference 108

The above demonstrates an irdrgrdanger in interpreting ICP results, namely

that ICP results only indicate the overall sample composition, but they do not necessarily
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imply that a phase with this stoichiometry has been synthesized. Because of the
possibility of the formation of sodm carbonates and hydroxides that may not be
observable by XRD, ICP results may not accurately reflecstbi@hiometries. This
problem has also been reported for determiningthichiometries in the case of-Li
containing positive electrode materials (f@eexample Referendd05]). However, the
presence of large amounts of transition metal containing species that cannot be observed
by XRD is unlikely, because of the high scattering power of these elements. Therefore,
the ICP reported transition metal contents of these samples are likely accurate. Accurate
initial Na-stoichiometries are easily determinable from the size of the 1.7 V platea
Using these results, the overall initial sample stoichiometries werende¢el and are

listed in Table 5.4. Apart from deviations in the Neontent due to the formation of
sodium containing surface species, the sample catiges agree well with target
compositions. The largest deviation observed for any transition metal stoichiometry was

only 4 atomic %.

Table5.4: Comparison of the desired and actual stoichiometries of &¥¢,Ni1x0,0 . 6 8O O
1.0 series as determined by ICP (transition metal content) and electrochemical
analysis (Na content).

Desired Stoichiometry Actual Stoichiometry
Nap.66V 0.661 10.3402 Nap.61V0.62T10.3802
Nao.70V0.70Ti0.3002 Nap .63V 0.66T10.3402
Nao.g0V0.80T10.2002 Nap.68V0.77T10.2d02
Nao.90V0.90T10.1002 Nao.s1Vo.87T10.1402

NaVvOo, Nao.gsVO2
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The amount of sodium loss during the synthesis ofVNE1xO2 has not
previously been observed for other sodium transition metal titanates. The sodium
titanates that are substituted with vanadium are unique when compared to those
substituted by other first row transition metals such as chromium, cobalt and nickel.
Figure 5.12 shows the first charge voltage curve ofoMa eTi0.402, Nag/zV2i3Ti130z,
Nao.eCro6Ti0402 and NaoeNiosTio.702. The differences in the voltage curve are a
reflection of the sodium binding energy differences in thesgVNidi1.,O> materials.
Sodium is uniquely weakly bound in the sodium vanadium titanattésthe onset of the
high voltage plateau corresponding to transition metal ion oxidation occurring at a much
lower voltage than for the other first row transition metals. For the othdn,Na.,O-
materials, sodium deintercalation occurs at a muchehnigoltage and therefore N&
more tightly bound. This couldxplain why a significant amount of Na is lost from

NaVxTi1xO2 during synthesis compared to othexMali1.yO, materials.

56—
45| — Na,;Co, ,Ti,;0, |
I — Na, Cr,.Tl, 0,
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Figure 5.12. First charge voltage curve of WeéCasTiosO. (black), NasVasTiyzO2 (red),
NaosCrosTio40: (blue) and NasNiosTio7O2 (green), illustrating the sodium binding
energy differences between the,Mgri1.,O, materials. Reproduced wh permission
from Refeence 108
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Figure 5.13 shows the gravimetric capacity of the 0.7 V plateau versus the
number of vacancies {9 in Na\VxTi1.xO.. Asxis decreased the lowest voltage plateau
(0.7 V) increases in capacity. During discharge ors thiateau sodium is being
accommodated into the vacancies in the\\&i1.xO2 sodium layer (as is confirmed lny
situ XRD below). Therefore, the increasing capacity of this plateau with decreaising
consistent with the number of sodium vacancies asing in NaVxTiixO2 with
decreasing. The low voltage and low hysteresis of the lower plateau is interesting for
negative electrode material applications in sodium cells, especially for those materials
with low values ofx. Therefore, the cycling cheateristics of the low voltage plateau

were investigated.
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Figure5.13: Theoretical (black line) and experimental (symbols) capacity versus the number of
vacancies (X) in NaM,Ti1yO,. Reproduced with penission fromReference 108
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Figure5.14 shows the voltage curve ofNep3V2/3Ti1302vs. sodium cell that was
initially discharged and cycled between 5 mV and 1.6 V and 0.4 V and 1.6 V. These
voltage ranges restrict cycling tioe low voltage plateau. The 5 m\1.6 V and 0.4 \*

1.6 V voltage curves exhibit a large first cycle irreversible capacity and a reversible
capacity of about 103 mAh/g (or 391 Ah/L) and 94 mAh/g (or 357 Ah/L), respectively.
This is proximate to the doretical gravimetric capacity value of 92 mAh/g that can be
accommodated by the Na vacanciesNasV23Ti302. The average voltage during
desodiation for the cells discharged to 5 mV and 0.4 V were 0.76 V and 0.86 V,
respectively. Very little hystersswas observed for the cells discharged to both 5 mV

and 0.4 V, namely.Q3 V and 0.06 V, respectively.
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Figure5.14: The voltage curve of NgV3Tiy30, cycled between 0.0051.6 V (solid) and 0.4
1.6 V (dashed)Reproduced vih permission from Reference 108
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Thefeatures in théNag3V2/3Ti1/302 voltage curvecan be more readily seen in the
differential capacity plot shown ifrigure5.15. Features inhe differential capaty plot
appear teevolveduring cycling. The dischargdifferential capacityconsists of a broad
peak between 1.3 V and 0.7 V, typical of single phaseifézrtion. This is followed by
two sharper peaks at about 0.6 V and 0.1 V. The peaks observiad the first
discharge inFigure5.15 at about 0.6 V and 0.1 V and the reversible oxidation peak at
about 0.6 V are consistent with the same features in the differential capacity of a carbon
black electrode, shown ifrigure 5.16. Thereforethese featureare attributedo the
carbon black additive in the electrode formulation anthéoformation of the initial SEI
layer. Most of this capacity is irreversible. This irreversible change is likelyghson
for the sharp drop in capacity in early cycl€3ther peaks evolve slightly dag cycling
until there are twgeaks durig charge and twduring discharge. In order torrelate
the features in the differential capacity with structural changesjnasitu XRD

experimentwasperformed.
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Figure 5.15. Differential capacity curves of NaVasTiis0; cycled between 0.005 1.6 V.
Reproduced vih permission from Reference 108
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from Reference 108

Figure5.17 shows the XRD patterns of ldap/3V2/3Ti1302 in situ XRD cell during
the first cycle between 5 mV and 4.0 V. Some of the peaks in the XRD patterns are
caused by the Be window, and timesitu cell parts. These peaks do not change during
the charge and dikarge processna are indicated irFigure 5.17. The initial XRD
pattern is that of the phase piNez3V23Ti1302. During the first discharge only shifts in
peak positions were observed and the electrode material remains H2 thgucture.
During charge the material remains in the P2 structure until the voltage reaches 2.0 V.
During the first discharge the (Q(peaks shift to higher angle while the Ij1peaks shift
to lower angle. This indicates that thexis is expandig and thec-axis is contracting
while sodium is being inserted. During the charge process up to 2.0 V, the opposite
occurs and the peaks shift to their originasigion. Figure5.18 showsthe cell voltage,

lattice constants,ral unit cell volume plotted versus time. Overall, the changes in the
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lattice constants are small and correspond to a volume expansootydf.1 %at full
sodiation. This is advantageous, since materials with low volume change during cycling

are expecte to maintain good strtwieral integrity during cycling.
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Figure5.17: XRD patterns measured during the charge and discharge ofs8JN&i150;in situ
cell with the corresponding voltagiene curve.Repraluced with pemission from
Reference 108
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Figure5.18: (a) The variation in the lattice parametarpen circles) and (closed circles) vs.
time corresponding to the voltage cumethe NasVasTi1z02 in situ X-ray cell in
panel (b).Reproduced wih permission from Reference 108
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Above 2.0 V the structure begins to change and once the voltage surpasses 2.5 V
theP2 Bragg peaks all but disappear. After charging to 4 Vhtséu cell was discharged
a second time. During this second discharge the voltage drops extremely rapidly,
indicating a large cell polarization and the cell capacity is drastically decreased. Other
P2-NaM,Ti1.yO2 negative electrode such ad/ = Ni or Fe, have large polarizatiafter
cycling at high voltages thaccess thé ion redox coupld91,106} In each of these
instances the authors do not elaborate as to what causes this irreversible change.
Different behavior is observed for N&rosTi0.402, where stable cycling with little
polarization can be achieved when tlodtage window is kept below 3.8 [@4]. Above
3.8 polarization is increased, a phenomenon that is also observed-ka@@y, which
has been attributed to €migration in the sodium layg®5]. However, transition metal
migration is not expected for these-§pe materials, as their migration to prismatic sites
would ke energetically unfavorable.  Another explanation for this behavior could be
from the collapse of the layered structure due to the emptying of the Na layer. Since total
structural decomposition occurs during this process, it is not possible to detésnine
mechanism by XRD. It should be noted that if the uppeffuioltage is restricted to
1.6 V the structure remains phase pure P2 throughout the cycling process, resulting in
stable cycling performance.

Figure5.19 shows he capacity versus cycle numbertio¢ cells shown ifrigure
5.14. The cells discharged to 5 mV and 0.4 V exhibit a linede faver 100 cycles. A
maximum @ulombic efficiency of only9.1 % and 99.4 %, respectively and a 74 bGla
78 % capacity retention over 100 cycles was achieved for the cells discharged to 5 mV

and 0.4 V, respectively. These characteristics need to be improved for such materials to
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be used in practical application. Unfortunately, it is often difficult t&enaeaningful
assessments of Nalf-cell cycle life as the Na metal reference electrode lgtalaind
reactivity is an issugl07]. Both cells demonstrated large irreversible capacities during
their first g/cle, which lead to an initial @lombic efficiency of only 0.59 for each. This

is typical of the Na transition metal titanates, where 10 % by weight carboniibltuk

electrode formulation leads to large first cycle irreversible capacities of ~50 mAh/g.
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Figure5.19: Capacity and Gulombic efficiency versus cycle number of thexN&/sTi1:0. cells
cycled betwee 0.0057 1.6 V (black) and 0.4 1.6 V (red).Reproduced v
permission from Reference 108

Figure5.20 showsvoltage curveof Nap;3V2/3Ti1202 cycled at rates ranging from
C/10 (11 mA/g) to 5C (550 mA/qg). -tate was definebbased ora theoretical capacity of
92 mAh/g, which is based dhe number ofsodiumvacancies in the structur& he rate
capability was poor. This cdme more easily seen Figure5.21 where cycle number
versus capacity is pled. Cycling at 2C@esulted in a capacity that wéé% of the C/10

capacity. This performance is typical for NeyTi1yO> type materials, wher# = Cr,
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Co, Ni and Li [70,91194,1069. Further improvements in rate capability @esirable if

these materials are to be used in practical applications
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Figure 5.20: Voltage curves ofa NasVasTizO: cell cycled at different rates The cellwas
dischargedto 0.4 V andchaged to 1.6 V for five cycles each at rates of C/10, C/2,
2C, and C/10Reproduced wh pernission from Reference 108
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Figure5.21: Capacity versus cycle numbaifra NaysV23Ti130z cell cycled at different ratesThe
cell wasdischargedto 0.4 V and charged to 1\ for five cycles each at rates of
C/10, C/2, 2C, and®/10. Open and closed circles represent charge and discharge
capacity, respectivelyReproduced vih permission from Reference 108

113



5.4 Conclusions

The NaVyTi1x02 (0.660x0O 1. 0) s er i synthesided visva ifadile solidw a s
state reaction.These materials can reversibly intate sodium at an average potential
of 0.7 V with exceptional volige efficiency. This average potential is similar across
NaMyTi1,O. type materials independent M, as the same T¥Ti** redox coupleis
employed during electrochemical cycling. The lowest known average voltage for an
oxide insertion material for NIBis NaTizO7, with an average voltage of 0.3fxobm the
sameTi*/Ti® redox couple[67]. NaTizO7 has zig zag layers in which sodium atoms
can be reversibly inserted. This structural difference leads to the lower sodium insertion
voltage. However, poor conductivity is observed with titaniuny @ointaining sodium
metal oxidessuch as NA&'i307, and thus large amounts of carbon black are utilized in the
electrode formulation (typically 30 versus 10 %Jhis is unfavorableas a threefold
increase ircarbon black greatly reduces the energy density

The low voltage capacitgf the Na\VxTi1.xO2 seriesincreases with increasing sodium
vacancies in the structure-¥. The x = 0.66 composition, namely, N&/2/3Ti1302 has
good cyclability (100 cycles) and delivered a first charge capacity of 100grthining
cycling between 0.005 and 1.6 V, which correlates to a volumetric energy density of
about 400 Ah/L. This capacity is similar to all other Ny Ti1.yO> materials excep¥l =
Cr¥, to which it is inferior by only 20 mAh/[p4,108]

The P2 structure is maintained throughout cycling when the upper voliag# is
restricted to 1.6 V, as confirmed hy situ XRD. For this reason, this is considered an
intercalation process instead of a conversion reaction, which is typicahoy metal

oxides at low voltagesOne important difference when vanadium)(if substituted for
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titanium (IV) compared to other NeyTi1yO> materials is that it is lesstructuraly
stabde. Structural decomposition occurs above 1.6Wijch is possibly due ttransition
metal migration. Thisoltageis much lower than other NeyTi1.yO> materials where
voltages of 3.5 V or higher are needed in order for structural decomposition to take place
[109]. Thisis interesting a®2 structure type matersshregenerally thought to be more
stable than the O3 typeHowever, in the VTi seriesextremely low structural stabilitg
observed fornot orly for the O3 phasesbut the P2 phases as well, such as P2
Nag/3V 2/3T11/30z.

During the high synthesis temperatuseslium loss was extrenvdth vanadium (lII)
in the transition metal layer compdréo other metal§94,108] Discrepanciebetween
the calculated and measured densitiesre observed, where @h NaMyTi1yO»
materials show good agreementThis led to a betteunderstandingof the inherent
dangers of ICP data interpretatiommelyICP results may not accurately reflect-Na
stoichiometriesvhen multiple unknown or undetectable phases are fgresen

Good cyclability and low hysteresis make this material a promising negative
electrode material for NIBs.This adds another member to the already diverse sodium

transition metal titanate family of layered negative electrode materials for NIBs.
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CHAPTER 6 OTHE R SODIUM TRANSITION  METAL TITANATES

The two preceding chapters showed results for entire series of mategatker
to illustratetrendsin material properties It is useful to substitutétanium with other
transition metals in order to tune thesepamies. Many aher layered sodium transition
metal titanates were studied in this work. This chapter highlights two specific examples
namely NasMnisTizzO2 and NasNiysMnysTigzOz, where interesting  properties

emerged.

6.1 Experimental

NasMny3Ti2z02 was synthesized via a solid state reactismg stoichiometric
amounts of NgO (80%, Sigma Al dr i c h) , Mn O ( p o w &igma, 160
Aldrich), and TiQ (puriss,991 100.5 %, SigmaAldrich). Approximately six grams of
the precursors werSPEX ball milled under ambient air with three half inch steel balls
for a half hour and the resultant posvd was pressed into ~2 g pellets at 2.58x10
Pascals prior to heating at high temperature in an alumina boat. The pellets were heated
in an argon atmosphere at 950 °C for 12 hours.

Nap/aNi1aMnyaTiz02 was synthesizedsimilarly to NaisMnysTizeOz using
stoichiometric amounts of N@O; (Bi o Xt 9920 %, Sigma Aldrich), NiO (green,
T 325 me sSgmaARIrEl®y MOz (T 325 me sSigmaARIrE®y and TIG
(puriss, 99 100.5 %, Sigm&Aldrich), however heat treatment was done& box furnace
of ambient air at 900 °C for 12 hourshi§ method yields a single layered phase, where

others, such as the one above, lead to multiple undesirable phases.
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6.2 Na 23 Mn sz Tizs Oz

The most sustainable sodium metal titanate composition synthesized in this study
was Na;sMn13Tizz0o. It contairs the abundant and low cost elements of manganese and
titanium in its transition metal layer, where traditionally this layer has toxic and/or high
cost metals such as cobakigure 6.1shows the XRD pattern and Rietveld refinement of
the NasMnysTizO2.  The structure is pure P2 and the refined crystallographic

parameters are givenirable 6.1.

x Experiment

— Refinement
S Difference
e | Bragg Peak

Intensity (a.u.)
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Scattering Angle (deg. 20)

Figure6.1: XRD pattern and Rietveld refinement of JdéMno.3sTio.6¢02, With Bragg peaks
indicated.
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Table6.1: Structural @rameters obtained from Rietveld refinementefisMny:Tizs02 XRD
data

Nao.6eMNo.33Ti0.6602 (Space group: RBNmMC)

atom site X y z occupancy
Neé 2b 0 0 0.25 0.22942)
Nae 2C 0.33 0.66 0.25 0.4754(%
Mn 2a 0 0 0 0.33

Ti 2a 0 0 0 0.66

O 4f 0.66 0.33 0.0927(3  1.0212(0

Cell parameters  a(A) b (A) c(A)
2972(5 2.972(5 11.204(3

a(e) b(e) g(e) 429
90 90 120

R-factor

Figure 6.2 shows the voltage versus capacity profile ob/Mén13Ti2z02 cycled
from 0.0057 2.2 V in a sodiumhalf-cell. The cell was cycled at C/10 based on a
capacity of 100 mAh/g wherein all of the vacancies in the sodium layer are filled. The

electrolye used was 1 M NakRi EC:DEC with a 1:2 volume ratio.
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Figure6.2: Voltage versus capacity profile of thNapsMn13Tiz0. material cycled from 0.006
2.2 V.
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The cell displayed a reversible capacitylaB8 mAh/g with an average voltage of 0.84 V,
which is slightly higher tharthe ~0.7 V average voltage fanost of the other
NaMyTi1.yO. materials Figure6.3 shows the capacity versus cycle number for the cell

in Figure6.3. It shows good capacity retention with linear fade over 50 cycles.
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Figure 6.3: Capacity versus cycle number of tRexsMny3Ti2:0, material cycled from 0.006
2.2 V. Open and closed circles represent discharge and charge capacities,
respectively.

The presence of manganese makes it possible for this material to be a positive
electrode material as well, as manganese can go to higher oxidation Kges 6.4
shows NasMny3Ti202 cycled to 4.5 V. A high voltage plateau is obseraegoltages
above 4 V with over 200 mAh/g. There is likely some electrolyte decomposition going
on at these high voltages. Unfortunately, this platsanot very reversible as capacity

decreases rapidly with cycle number. This plateau displays a huge hysteresis and cycling
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on this plateau cannot occur unless the cell is discharged to voltages below 1 V. This

would be very impractical in a commerciallce

-0.5 0 0.5 1 1.5
- o e e e B R

Voltage (V)

=N

0 -_ N | N | N | N | N | N | N _-
-200 100 O 100 200 300 400 500
Capacity (mAhg-)

Figure6.4: Voltage versus capacity profile of thapsMn13Ti0. material cycled from 0.006
45V.

NapsMny3Ti2z02 is another example of a Ny Tii1.yO> composition. It displays
similar negatre electrode electrochemical properties as the other transition metal
substituted sodium titanates. However, it has the distinct advantage of being composed

of highly abundant, netoxic and low cost elements.

6.3 Ordered Na 253 Niyz Mn sz Tiyz O2
Anothe NawM,Ti1.,O, composition of interest iBlay/sNi1sMn1/3Ti1302. Instead
of substituting titanium for a singleansition metal, wo transition metals are used for

charge balance, namely?and Mrf*.
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Figure 6.5 shows the XM® pattern and Rietveld refinement of
Nap/sNizsMnysTizO2. The structure is pure P2 and the refined XRD crystallographic

parameters are given ifiable6.2.
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Figure6.5: XRD patern and Rietveld refinement of NaNio.3dMno 33Ti0.3402, with Bragg peaks
indicated.

Table6.2: Structural prameters obtained from Rietveld refinemeniaf sdNio.3dVNo 33Ti0.3802

XRD data
Nao.eaNio.33MNo.33Ti0.3202 (Space group: Bnmc)
atom site X y z occupancy
Néx 2b 0 0 0.25 0.2070(2)
Nae 2C 0.33 0.66 0.25 0.4348(9)
Ni 2a 0 0 0 0.33
Mn 2a 0 0 0 0.33
Ti 2a 0 0 0 0.33
0] 4f 0.33 0.66 0.0920(1) 1.00
Cell parameters  a(A) b (A) c(A)
2.922(5) 2.922(5) 11.143(7) Refactor
a(e) b(e) g(e) 3%
90 90 120
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This material was first studied as a positive electrode material for sedium
batteries[52]. It shows good cyclability at high voltage and a rsude capacity of

greater than 125 mAh/g as seerrigure6.6.
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Figure6.6: Voltage versus capacity profile fblay sdNio.3dMNo.33Tio0.340; at high voltage.

This material has 0.33 vacancies within the sodium layer and 0%33fbms in the
transition metal lagr. According to other N, Ti1yO» studies this would indicate that
sodium insertion is possible for this material at a voltage of about 0.7 V and a reversible
capacity of greater than 90 mAh/¢glowever,Figure6.7 shows hat tis is not the case

The voltage versus capacity ptefifor NagaNiysMnysTiyz02 showsseveral plateaus
during the first discharge. Carbon black is responsibl¢hiofeatures below 1 \during

the first dischargewhile it is unclear what is occurgnat voltages above 1.5The
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plateaus all but disappear upon further iygiwhich means that almost no reversible

capacity is achieved
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Figure6.7: Voltage versus capacity profile fblay edNio.zdMnNo 23710340, at low voltage.

To investigate further what was going on here neutron powder diffrat@surements
of the pristine NasNi1sMny3Tiyz02 powderwere undertaken Figure 6.8 shows the
expeimental neutron diffraction pattern and refinement of the;aNa;sMn13Tiz02

material, with fit parameters shownTiable6.3.
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Figure6.8: Experimental NPD pg#ern and refinement of ordered-R2y sgNio.33MNo 33Ti0.3802.

Table6.3: Structural prameters obtained from Rietveld refinemeniaf sdNio.3dVNo 33Ti0.3802

NPD data
Nao.eeNio.33VINo.33Ti0.3302 (Space grop: PG)
atom site X y z occupancy
Nag 2a 0 0 0.25 0.5214(6)
Nap 6c 033 O 0.25 1.5001(1)
Nag 2b 0.33 0.66 0.25 0.4965(0)
Nas 2b 0.66 0.33 0.25 0.5092(5)
Ni 2a 0 0 0 3
Mn 2b 0.33 066 O 3
Ti 2b 033 066 05 3
O1 6C 066 O -0.4168(3) 3
Oz 6C 0 0 0.308(0) 3
Cell parameters  a(A) b (A) c(A)
5.060( 5.060(9 11.110() Refactor
a(e) b(e) g(e) 412
90 120
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From the XRD refinement the structure is P2. When attempting to fit the NPD data with
the P2 parameters andsABmc space group there are many peaks that are unaccounted
for in the pattern. The extra peaks are indieat¥ a superlattice that exists within the
original P2 structureX-rays cannot distinguish between nickel, manganese and titanium
as they have similar numbers of electrons and thus similar scattering power. For this
reason, superlattice ordering is ditfit to detect by XRD. However, the neutron
scattering lengths of the natural isotope abundance of these elements are quite different.
Neutron diffraction experiments are able to detect transition metal ordering.

Figure 6.9 shows the transition metal layer Nheg/sNisMnyaTiyz02 with three
different atom types illustrated to represent the three distinct transition metals. Both
small and large hexagonal unit cells are highlighted in this layer. When XRD
experiments are p®rmed the transition metals are indistinguishable and the small
hexagonal unit cell can be used to describe the transition metal layer of the P2 structure.
When NPD experiments are done the small hexagonal unit cell will no longer suffice due
to the diferent scattering lengths of the transition metals. The ordered state of the
transition metal layer must now be described using the large hexagonal unit cell shown in
Figure 6.9. In this unit cell there are three distinct pa@si8 for the transition metals.

Due to this difference, space groupzR@&sused to refine the structure. The best fit is
achieved when the transition metals fully occupy a single distinct position in the
transition metal layer. This ordering resultsnew peaks in the NPD pattern, with the
strongest peaks occurringat8 and 19 U2d. A similar sufy
observed in N&NisMn2302, where nickel and manganese transition metal cations

occupy distinct sites on the transition méagier[110].
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Figure 6.9: The transition metal layer in the2-Nay sdNio.3dMnNo.33Ti0.3802 material which shows
the ordered cation arrangement with small and large hexagonal unihdaltgted by
long and short dashed lines, respectively

The impact of ordering ohts material on cycling is dramatic. At low voltage
virtually no sodium is able to reversibly insert into thderedhost structure A possible
theory as to why no low voltage capacity is observed here is that the diffusion of sodium
ions is hindered daito the lack of dvacancies in the sodium layer. This could result
from a specific sodium ion ordering scheme that is coupled to the transition metal
ordering. However, ven éther nickel or manganese is substitutedMigwithout the
other) in NaMxTi1.xO2 a reversible low voltage capacity is obser{@t,92] Neither of
thesetwo activematerials or other N#yTi1.yO2 display ordering anthey areconsidered
cation disordered structures. The three types of ordahagwere discussed section
4.3 Results and Discussiocan cause superstructures that can in turn display distinct
plateaus in potential profiles dugrgalvanostatic cyclingower sodium ion diffusion (up

to two orders of magnitude) and reduce ion transport dimensiof@dit§11] Rapid
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capacity fadeluring electrochemical cycling is often observed for these ordered materials
[1121114] Prevention of ordered structures is important for electa@lelopment.
Different strategies were employed, such as ballimyiland low temperature synthesis,

to prevent the ordergnin this material withousuccess. Aot topic in the lithiurdon
battery communityoday, that is similar to thiss that oflithium richdisordered rock salt
structures. To further demonstrate the utility of intercalation metal oxides with
disordered structuresjgh reversibé capacities at high voltages have been observed for
disorderedLioMOs layered structures inlithium-ion batteries whereM is a first row

transition metaJ115].

6.4 Conclusions

A plethora of metals can be substituted for titanium in layered sodianates.
When substitution takes place distinct properties are observable, whidemardent
upon the metal or metals utilized. Theotproperties highlighted in this chapteere
resourcesustainability and ordering in the transition metal layResurce sistainability
is a positive characteristiof these materials, since high abundant elements are used,
while transition metabrdering is thought of as a negative characteristic.

NasMny3Ti2302, where manganese (1) is substituted for titaniunthe metal
layer, was shown to have good reversibility of sodium insertion at low voltage when
cycled in a sodium halfell. It showed similar characteristics to the otherNMdi1.yO>
materials, with an average voltage of 0.84 V and a reversible camdcltl8 mAh/g.
Manganese is considered a sustainable metal due to its abundance and |ow lbost.
NapsMny3Ti2z02, is thought to be the most sustainable composition to date compared to

thosefound in the literature that habeenmade and tested sodium hakcells.
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Nap/aNi1sMny3Ti1z02 was shown as an exampiewhich orderingoccurswithin
the transition metal layer. Suppression of this ordering was not achi@Veslordering
is believed to result irvery little reversible capacity for MaNi1sMny3Tiz02 at low
voltage in sodium haltells. However, at high voltage NaNi1sMn13Ti1z02 displays
good cyclability with over 120 mAh/g of capacity in sodium celf.o t he aut ho
knowledge no other materials exist in the literature wheedirect comparison between
ordering and low voltage capacity is shown. All of the layered materials to date that
show low voltage capacity with the*TiTi®" redox display no transition metal ordering.
Theoretically, other properties could also beetlinegatively or positivelylepending on

the substituestin the transition metal layer
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CHAPTER 7 INCREASING VACANCIES

7.1 Layered Na xMyTi1-yO> Materials  Outlook

LayeredNaMyTi1.yO> materials show promise aggative electrodmaterids for
NIBs. Composibns investigeed thus famre shown irFigure7.1 andincludeM = Li™,
Mg?*, V3, Cr*, Mn?*, Fe", Co?*, Ni?* [70,91i 95,106,108] Materials have now been

reported in the literature where two metals are substituted, suchyaldi W& 01/6T12/302

[116,117].
Lil Mgz V3 Cr3+ Mn2* Fe3+ Co?* Ni2+
0.5
P2 +

0.4 impurity
E3 P2 ? P2 P2 P2 P2
E- 03 p2 > P2
8 Y N\ T\ N\ T\
8 0.2
s
A i 03 03 03 03 03 03

0
average voltage  0.75V ~ 0.83V 0.76V 0.76 vV 0.84V 1.57v 081V 0.70V

Figure7.1: Summary of the vacancy limit versus differentMgali..,O, materials, withM shown
on the top »axis. The bottom -saxis shows the average voltage of each of the
differentM series.

Thes materials alincorporate thedw redoxcouple of Ti**/Ti®* which yields
appropriatenegative electrodpotentials of~0.7 V versus sodium metalThe hysteresis
can be somewhat tuned @ealing on the metal substituti titanium These properties
aresummarized by the voltage curvedHigure7.2 and the differential capacity curves in

Figure7.3.
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Figure7.2: Voltage versus capacity profiles for aflthe highest vacancy N, Ti1.zO. materials
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Figure 7.3: Comparison betweenifferential capacity curves of NaCroeTiosO2 (black) and
Nag/aV 213 Ti150; (red).

Due to the presence ofdhmetals sultbuted for titaniumless conductive diluent
is requiredthan for pure titanatesThese materials also display smooth voltage profiles
which are typically indicative of a lack of sodium and charge ord¢éialy Perhaps the
mostimportant characteristic of thesegative electrodmaterials is their stability while
cycling in a cell. They have been dabed as zerstrain and ultrastable as they remain
in the P2 structure during charge and discharge with very little chantyeiiriattice
constants. There is a broad sedmlution range for most of the metal titanium series
when titanium is substituted@diumcan typically rangdrom 0.6 Ox O 1.0). Another
advantage of these materials over conventional electrode matesiateeir bt
functionality. Due tdhe presence of a second mestabstituting for titanium, which can

be electrochemically active at higher voltagbgese materials can function st onlya

negativeelectrodebut as apositive electrodas well Thismeans that a3 V battery can
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be constructed from a single matemalich would reduce cost as only one coating needs
to beprocessd Also, when thesgypes of materials function geositive electrodg the
presence of titanium mighhcrease the averagmltage than if there was no titanium.
The volume change is not significant when sodium is added or removed, owing to the
fact that this is an intercalation reaction. Thus, when acting simultaneousdgative
electrodeand positive electrodematerialin a battery the two electrodes expand and
contract complimentarily During charge thenegative electrodeontracts while the
positive electrodexpands at virtually the same rate. This means that total changes to the
volume of the battery will be neglle. This sharply contrasts a typical LIB where
during charging both the LiCa@nd graphite electrodes expand.

The layered sodium metal titanates exploit differences between lithium and
sodium chemistry. Different materials properties emergeringef voltage, vacancies
and stability when sodium is used instead of lithiuBodium metal oxides yield lower
voltages, tolerate more vacancies and are more stable at low voltages than their lithium
counterparts. New high energy density electrodesbeamade by taking advantage of
these differences. Research is reaching beyond simpleah&ogues, which have
dominated NIB research, to innovatineterials such as these oxides with vacancies for
NIB negative electrode Unfortunately, there are alstisadvantages to these types of
materials. Large irreversible capacities are obsettueithgthe first cycles which are due
to the carbon black additive in the electrode formulation. These materials are
hygroscopic to differing degrees as well. This s@nsitivity would increase synthesis
and processing costs of electrodes. Perhaps the largest disadvantage is the capacity limit.

It is unlikely that a capacity over 250 mAh/g will be achieved with these layered
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intercalation materials, as there are asymany vacancies which are possible within the
sodium layers. At this time 120 mAh/g is the highest capacity corresponding to a sodium
atomic ratio X in NaMO») of 0.6, resulting in 0.4 vacanciesThis corresponds to a
theoretical energy density of 1BONh/L (crystallographic density of 3.81 g/cc) for
Nao.6Cro.sTi0.402 in a cell vs. a 4 \positive electrode This is comparable to the total
theoretical energy density of hard carbon vs. apb¥itive electrodé~1700 Wh/L)[60].
However, the energy density of dN&ro.6Ti0.402 is much superior to hard carbon if one
supposes that the useable capacity of a negative electrode must be restricted to > 50 mV.
Under these conditions the energy density of twamtbon is reduced to only about 620
Wh/L [32,60] Nevertheless, the energy density ob Mao.6Tio.4Oz is significantly less

than the energy density of graphite vs. a 4€0sitive electroden a Li-ion cell (~2800
Wh/L) [3]. A comparison of these volumetric energy densities is summarizédhie

7.1 To increase the capacity (and energy densityiN@feCro.eTio.4«O> further would
require the inclusion of more vacancies (lower amount of NaNaneCroelio.202).
However,whenx '~ Ophase pure samples could not be obtained and the capiitity
resulting phases decreasdsis has been the case for all other metals substituted as well.
A limit to the number of vacancies could result from an increase in the bond ionicity
within these structures. This phenomenon leads to definite Naicatoth boundaries

(P2 or O3) wherx is varied and only certain stoichiometranges are possible as a result

[96,118]
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Table7.1: Comparison of @lumetric energy densities of typical negative electrode materials
versus a 4 \positive electrode

Material Volumetric Energy Denisty (Wh/L) Cell Type
Graphite 280(3] Li-ion
Hard Carbon 170060] Na-ion
Hard Carbon (>50 mV) 620[60] Na-ion
P2-Nao.6Cro.6T0.402 1500 ¢his thesi$ Na-ion

DSC experiments were performed in order to further explore the thermal stability
of the desodiated N@VyTiiyO> materials. Thethermal beha@or of pristine
Nao.6Cro.6Tio.4O2 powder, along with sodiated and-slediated variante/as measurenh a
DSC. Na.eCroslio4O2 sodiated and dsodiatedat different levels where sodium
content equalled 1.0 and 0.33, respectively, were made electraalgmiThis means
that Na.sCrosTi0.402 cells were either charged or discharged to a desired voltage and then
disassembled in a glovebox to recover the electrode material.

Figure 7.4 shows XRD patterns of N@Cro.eTi0.4O2, sodiated NaGreTi0.402 and
de-sodiated Na3CroeTi0.402. They remain predominantly in the P2 phase regardless of

the sodium content.
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Figure7.4: XRD of the pristineNao ¢Cro6Ti0.40, (middle)and exsitu XRD of the sodiated
NaCr.eTio.40. (bottom)and desodiated NasaCro6Ti0.402 (top).

Figure7.5 shows the DSC curves of héro.eT10.402, sodiated NaGrsTio.402 and
de-sodiated N&srosli0402. DSC was done herein stead of TGA due to the
hygroscopic nature of the samples. DSC samples were sealed in aluminum pans in an

inert argon filled glovebox.

135



0-4 ' | ' | ' | ' |
Exo i . 1
l - Nao.33cro.6T'o.402
0.2 - Nao.scro.esTio.402 ]
I — NaCr6Tip.40; l
S o0f
s |
302}
m -
3
T -04
-0.6 [
-0.8 ) 1 ) 1 ) 1 ) 1 )
0 100 200 300 400 500

Temperature (°C)

Figure7.5: DSC curve oNay.¢CrosTi0.402 (red), along with sodited NaCy6Ti0.40- (blue)and de
sodiated N@sLCro.6Ti0.402 (black)variants.

Nao.eCro.6Ti0.402> and NaCgelio4O2 display a relatively featureless DSC curve. This
means that there are no thermal transitions within the temperature range of the
experimaét. The highly desodiated N@&sLCroelio402, however, shows a large
endthermic peak between 400 and 500 °C. This is likely due to thermal decomposition.
This has been observed for other highly-sodiated layered sodium metal oxides
[44,119] This result indicates that highly -dediated materials of this type are not as
thermally or structurally stable as thaiighly sodiated counterparts. Furthermore, it is

unlikely that synthesis of highly ésodiated phases at high temperatures via solid state
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reactions is possibleFor this reasonhe vacancy limit for these layered sodium metal
titanates is thought to lie4 regardless dfansition metal substitution.

The advantages and disadvantages to these types of matbaaks been
highlighted Where disadvantages are found there is oppibytéor improvement. Te
most promising opportunity comes from incre@sthe capacities of these materials by
increasing the number of vacancies within the layered framework. A relevant sodium
occupancy or ratio would be = 0.33 (NaMO.) which means 0.66 vacancies. This
would yield capacities and energy densities neatr dharaphitein lithium cells To
achieve thisend two separate pathways were tried, namely, sulfide g@odassium

analogues.

7. 2 Sulfide Analogues

The first strategy employed for increasing the number of vacamgisgo make
sulfides instead of ox&bk. This just meant swapping the oxygen for sulfur in the
NaxMyTi1yO2 formula, yieldng NaMyTi1yS,. The reasoning for this was thatilfur,
lying just below oxygen in the periodic table, would be able to make many of the same
compounds while at theame time decrease the iconigityr vice versa increaste
covalency of the sheets with the layered structure. I$ ialready well knownhat TiS
forms a layered structure without needing any alkali metals within the van der Waals gap
to stabilize thestructure[120]. In other words, the number of vacancies was already
maximized. Titanium disulfide can also fornt@rcalation compoundsith alkal metals
and this has been demonstrated in electrochemical [@¢@lls122] More recently, the

electrochemical activity of layered NaS, and NaVS: versus Na metal was shown
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using more mature battery technolog{@23]. These materials showed very similar
behavior in terms of capacity and voltage, with the titanium containing compound
displaying a more complicated voltage profile insteddvell developed flat voltage
plateaus as in the case of vanadibme other main difference was the presence of
conversion reaction®r Na\VS; when cycled a voltages lower than 0.5 VNo such
reactions were observed for N&S,.

The best performingsodium transition metal oxid@aterial, NaxCrxTi1.xO2, was
imitated by synthesizinilaxCrxTi1 xS, wherex = 2/3 and 1/3 In the literature there is a
report onthe structural, edctrical, magnetic and NMRBroperties of Ne&CrTi1xSp, with

no electrochemal measurements reporfd@4.

7.2.1 Experimental

This series of materialsas madevia heating NaCrSmixed with TiS in a sealed
silica tubeat 800 °C for a week. NaCGr#as obtained by heating a mixture ot&rand
NaCOs at 7 °C for six hours under a flow of carbon disulfide diluted in nitrd@@d].
A simpler and less time intensive synthesis was designed vapgm®ximately five
grams ofprecursors oNaS, Cr, Ti and S were ball milled for four howsth 180 g of
1/ 16 o Theadsdltant powder waelletized and therheaedin argon at 1000C for

15 hrs followed byuencling in liquid nitrogen.

7.2.2 Results and Discussion

Figure 7.6 shows the XRD patterns of the= 2.3and 1/3 samples along with a
TiS, reference patterfrom theICSD databaseNasCr3Ti13S, hasa F3 structure with

space group &n and ldtice constantsa = 3.4840 anat = 20.4601 A small amount of
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O3 andTiS; impurity phase are alsopresent These results are in good agreement with
the crystallographic results in the literatyfe24]. Thex = 1/3 sample wasound to
predominantly contaiiS; and thus electrochemical testing was not performed on it as

there are amplelectro©iemicalresults shown for this material in the literature.

— Na,;Cry,Ti )5S,
— Na;,Cr,,;Ti,;S,
— ref. TiS,

ref. P3

Intensity (a.u.)

M

1 | - L |
10 20 30 40 50 60 70

Scattering Angle (deg. 20)
Figure7.6: XRD patterns oNa.CrTi1«S, wherex = 1/3 (blue) and 2/3 (blackyith a TiS and
P3 reference pattern shown in red and green, ctgply.

Figure 7.7 shows the electrochemistry dfap/zCro/3Ti13S, versus sodium in the
voltage range of 1.0 3.2 V. Since the material is sodium deficient, like the oxitles,
cell was initially discharged The voltage prae shows a plateau at ~1.7 V where
sodium intercalates into the vacancies within the layered structure. Upon charging
another plateau apaes at ~2.8 V, although this platehasincreased/oltagehysteresis

than the lower voltage plateau. The two a&g# plateasi are not completely flat and
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actually include multiple steps. This complicated voltage profile actually evoivesy
furthe charge and discharge cycles, with the capacity of the upper voltage plateau

decreasing on each subsequent cycleeeng it essentiallyjonreversible.

Y
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Figure7.7: Voltage versus capacity profile MeysCrasTi1sS, from 1.0 to 3.2 V.

Figure 7.8 shows the reversibility of the lower ~1.7 ltage plateau for
Nap/sCr3TisS, by cycling in the voltage range of 1i02.4 V. This reversible region
hasa capacity of ~60 mAh/gvhich isapproximatey the theoretical gravimetric capacity
of 68 mAh/g. The theoretical volumetric capacity B05 Ah/L. For comparison, the
oxide analogue of this material theoretically has 91 mAh/g and 350 Ah/L of gravimetric

and volumetric capacity, respectively.
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Figure7.8: Voltage versus capacity profile biaysCrasTiysS, from 1.0 to 2.4 V.

These results amomewhatliscouraging itheaim was to increase the number of
vacancies while maintaining the good cycldapiliand low voltage nature of
NaxMyTi1yOo. It appears that thilla/sCrz3Ti13S, analogue bedves very similar to other
sodium transition metal sulfides. The substitution of titanium for chromium in the
structure actually increased the voltage of the upper plateauZi® to 2.8 V, while
the lower voltage plateau remained virtually unchang&te similarity of the voltage
profile in the layered sulfide family can be attributedstdfur redox chemistry. Instead
of transition metals, it is the sulfur, being oxidized and reduced during alkali intercalation
and deintercalation.This is also thenechanism fosodium or lithium sulfur batteries

[71]. A similar thing occurs when the oxygen 2p orbital is of the correct energy in
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disordered lithium excess materials and oxygen can pattcipathe electrochemistry
[125]. The high voltage and poor reversibility of these materials led to the abandonment
of sulfide analogues and search for other ways to increase vacancies inth@iN®.

materials while preserving performance.

7.3 Potassium Analogues
The second strategy employed for increasing the number of vacancies was to use
potassium analoguesMaking potassium analogues of thexMyTi1yO> type materials
could besuitable due telementalkrendsfoundin the periodic table.Table 7.2 shows
that as one goes down group | in the periodic table there is a trend of incrieasing

radii from lithium to sodium to potassium and so[2@.

Table7.2: lonic radius of the first fougroup lelements. Values were taken froneference26.

Element lonic Radius (A)
Li 0.76
Na 1.02
K 1.38
Rb 1.52

This increase in size could allow the layered framework to be maintained even at higher
vacancy levels. It has been demonstrateddbdium can tolerate more vacancies than

lithium [13,91] Thisis possi bly due to sodiumbds abi
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repulsion of the oxygen layers in the structure, even with vacancies, because of its larger
size. The larger still potassium ions might be able to further stabilize the oxide sheets in
the layered structure. Sdiis trend likely continues as one moves from sodium to
potassium and so on down the periodic table. Indbede exist examples where alkali
occupancies in layered potassium metal oxides are as low as 0.3 anfd2&14£7]
Perhaps théow occupancy potassium layered metal oxides could serve as the framework
for sodium insertion. The limited examples of potassium layered oxides with a high
number of vacaties do not includettnium in the metal layer. Thus, there was a need to
modify the synthesis conditions for layered potassium compounds in order to obtain
potassium transition metal titanates. These materials could then be cycled versus sodium
metal b understand their electrochemical behavior, specifically voltage of sodium
intercalation and atta@ble capacities. KxMyTi1yO> with x = 0.3 could likely allow

enough sodium to be inserted to achieve a capactt%9 mAh/g(~925Ah/L).

7.3.1 Experimen tal

KoaMNnO2 was made byfollowing the method of Vaalmat al[126]. To
summarizeKMnO4 was ground>99%, Sigma Aldrich) int@afine powder ad dispersd
(approximately two gramsas a thin film in an alumina boat. It was then heated in air at
1000 °C for five hours, using slow ramp rates of 1 °C/min. The resultant powder was
then rinsed several times with distilled water to remove any remaining pgamate and
then vacuum dried. It was further dried in a drying oven at 120 °C overnight.

P2-K23Cr23Tiy302 was synthesized blyall milling approximately five grams of

K:COs(Bi 0 Xt199.8%) CROs(50 em, O Qlrichyand i@ (pariss, 99
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T 100.5 %, SigmaAldrich) together in air witrapproximatelyl5 gamsof half inch steel
balls for a half hour The resultant powder waltetized and the pellets wegacked m
its own powdeimn an alumina crucible. Then heat treatment was @b7&0 °C in argon
for 12 ours followed by grinding the pellets. This heating and grinding step was
performed three times beforefinal heatingstepat 1100 °C for 12 durs followedby a
guench to room temperature. The product was thersfiered directlyto a glovebox
without air exposure. Other old (circa 1980) potassium layered oxide syntiethisds
used sealed vessels for heating with.{T28]. KO: is not easily availablein Canada
now due taexportrestrictionsfrom the United States. These wetaced upon it because
it is regarded as an explosives precursor. The synthesis used hereinbeadréated
using the potassium precursors available.

Potassium metal hatfells were constructeid much the same way sodium metal
half cells were, witlcoin cell preparation being carried out in an argon filled glove box.
For the negative reference dlede, thin potassium metal disks were used. These disks
were punched from thin foil that was calolled from a potassium ingot (chunks in
mineral oil 98% trace metals basiSigma Aldrich),since potassium foil is not readily
available. The surface tiie potassium ingot had to be cleaned prior to use, as the ingots
are stored in oil because potassium metal is extremely reactive. A small ingot was then
placed in a plastic bag and passed through a foil roller with the desired thickness, to
achieve a fdithickness of approximately 0.45 mrithe electrolyte used was 0.5 M KPF
(99.5 %, trace metals basis, Sigma Aldrich) dissolveB@DEC solvent (Selectilyte,
BASF) in a 1:2 volume ratio.Two Celgard 3501 and one BMF (blown microfiber

separator, 3M Congny) were used as separators.
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The NaCo(O series was made by ball milling approximately five grams of
stoichiometric amounts of N@O; (Bi o Xt ©%0,%, Sigma Aldrich) and CagO4
(powder ,, SgrhaAldach) with approximately 15 grams of half inch steel balls
for a half hour in air and then heating in a 10 mL alumina boat under flowing oxygen at
850 T for 12 hours.The K«Co(O, serieswas made by grinding stoichiometric amounts
of KOH Bi o Xt 85&6 KOK basis Sigma Aldrich)yand CaOs (p owder , , <10
Sigma Aldrich)and then heating in a 10 ndlumina boat under flowing oxygen at 600

°C for 15 hours.

7.3.2 Layered Birnessite K 03MnO2
The first potassium analogue synthesized wasMnO.. Figure 7.9 show the
KoaMnO2 XRD pattern and refinement. The parameters used for the refinement are

given inTable7.3.

X  exp.
3 — cal.
diff.
3 | bragg peak
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Figure7.9: XRD pattern and Rietveld refinement of #1nO., with Bragg peaks indicated.
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Table7.3: Structural @rameters obtained from Rietveld refinemerKeiMnO, XRD data
Ko.3MnO:> (space group: R6nmc)

atom  site X y z occupancy
Kt 2b 0 0 0.25 0.0998(8)
Ke 2C 0.66 0.33 0.25 0.2474(6)
Mn 2a 0 0 0 1.00

o) 4f 033 066 0.0752(3) 1.04

Cell parameters  a(A) b (A) c(A)
2.859(4) 2.859(4) 13.002(3)

a(e) b(e) g(e) L72
90 90 120

R-factor

The structure is pure RZpe with a similara lattice constant but much largerattice
constant compared to layered sodium oxides. The increase mlakiece constant is
likely due to the larger ionic radius of potagsicompared to sodiunas well as the low
alkali metal content A previous report on this material refined the structure as a two
layer orthorhombic phase with space group Ccfh6]. The XRD pattern had fewer
peaks and was thus able to be refined with the P2 structure space gsbumd6ICP
experiments gave the potassium manganese ratio at 0.3:1.0, confirming a highly
depotassiated layered compoundsv@med containing many vacancies

Figure 7.10 shows the voltage versus capacity profile afsMnO. in a sodium
cell. On the first discharge only about 0.33 sodium can be inserted into the potassium
host, giving a capacity fo72 mAh/g. Upon charge sodium and potassium can be

removed from the structure to yield a capacity of 140 mAh/g.
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Figure 7.10: Voltage versus capacity profile &2Ko3MnO; vs. a potassium countezference
electrode

The average voltage of this material is rather high making it a candidateasstiae
electrodemateral. The objective of this preliminarstudy was to make a high vacancy
layered potassium oxide material and not to worry abolag®. The work that follows
incorporated titanium into the potassium layered oxide structure to try to reach lower

voltages versus sodium.

7.3.3 K213Cr2;3Tiyz O2

As the NaCrTi1xO2 series hadthe best performing sodium layered oxide

negative elecodematerial the analogousz/3Crz3Ti1302 was made.Figure7.11 shows
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the XRD pattern and refinement Bt/sCrz3Ti1s02.  Thestructure of thematerial was

found to beof P2type with Rietveld refinements parameters giveiable7.4.

Figure7.11: XRD pattern and Rietveld refinement of4CrasTi1302, with Bragg peaks
indicated.

Table7.4: Structuralparameters obtained from Rietveld refinemerK 9§CrosTi120, XRD data
K2/3Cr23Ti1302 (Space group: Bnmc)

atom  site X y z occupancy
K 2b 0 0 0.25 0.2328(8)
Ke 2C 0.33 0.67 0.75 0.4006(3)
Cr 2a 0 0 0 0.66

Ti 2a 0 0 0 0.33

@) af 0.33 0.67 0.083(9) 1.00

Cell parameters  a(A) b (A) c(A)
2957(5 2.957(5 12.531(5

a(e) b(e) g(e)l 427
90 90 120

R-factor
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