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ABSTRACT OF THE DISSERTATION

Designing and Diagnosing Novel Electrode Materials folidwteBatteries
Potental Alternatives to Current Libn Batteries

by

Jing Xu
Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 201

Professoiying Shirley Meng Chair

Owing to outstandingenergy density, Lion batteries have ddmated the
portable electronic industry for the past 20 yeasd they are now moving forward
powering electricvehicles. In light ofconcerns ovelimited lithium reserve andising
lithium costs in the future, N@n batteries have vemerged apotentid alternativesfor
large scaleenergy storageOn the other hand, thoudpoth sodium and lithium are alkali
metalssharing many chemicaimilarities, research on Nan batteries is still facing

many challenges due to the larger size and unique boolingcteristicof Na ions.
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In this thesis a series of sodium transition metal oxides emeestigatedas
cathode materials for Nian batteriesP2 - Nay/3[Ni1sMny5O- is firstly studiedwith a
combination of first principles calculation and experimemtd battery performance is
improvedby excluding the phase transformation regibnsubstituted compound?2-
Nap gLio.12Nip22MNng g O2, is then explored Its crystal / electronistructue evolution
upon cycling is tracked bgombingin situ synchrotrm X-ray diffraction,ex situX-ray
absorption spectroscopy and solid state NMRs revealedthat he presence of Libns
in the transition metallayer allowsincreasedamountof Na-ions to maintainthe P2
structureduring cycling The design principletor the P2 typeNa cathods are devised
based on this kdlepth understandirgndan optimized composition is proposéddhe idea
of Li substitution isthen transferred to O3 type cathod&he new materialO3 -
Nag.7di0.1dNip 29VINg 58802, shows dischargeapacity of 240 mAh/g, which is the highest
capacityandhighest energy density so famongcathode materiali® Naion batteries

With significant progress on cathode materialspmprehensive understandiafy
NaTi3O7 as anode for N@n batteries igliscussedThe electrochemical performance is
enhanced, due to increased electronic conductivity and reduced SEI formttion
carbon coatingNa full cell with high operating voltage is demonstrated by taking
advantage of the ultd®w voltage of NaTlizO; anode.The selfrelaxation forfully
intercalated phaséNa;TizO, is shown for the first timewhich results from structural
instability as suggested by first principles calculatidit* / Ti®* is the active redox
couple upon cycling based on XANES chartrization These findings unravel the
underlying relation between unique properties and battery performanbe,TizO;

anode which should ultimately shed light on possible strategies for future improvement

XViii



Chapter 1. Motivation and Outline

Energystorage has become a growing global concern ovepakedecade as a
result ofskyrocketingenergy demand, combined witlasticjump in the price offossil
fuels and the environmental consequences of their use.lddds to a strong call for
environmetally responsible alternative sourgestich as wind and soldfdowever, the
increasing use of renewable energy sources are facing several crucial challenges,
including modulating variable renewable resources from time to time, integrating them
into the grd smoothly and safely, and balancing electricity generation / demand between
peak and ofpeak periodd.Therefore, the extension of battery technology to lsage
storage is of significant importance to the society.

Li-ion batteries (LIBs), the most common typerethargeabl®atteries found in
almost all portable electronic devices, are one of the possible solutions to these global
concerng. Lithium-based electrochemistrypossessesseveral appealing attributes:
Lithium is the lightest metallic element and has a very low redox potenfial (B = -
3.04 V versus standatuydrogen electrode), which enables cells with high voltage and
high energy density. Further mor e, Li i on
diffusion in solids. Coupled with its long cycle life and rate capability, these properties
have enable Li-ion technology to capture the portable electronics mérket.

In addition to the rapidly risinglemand forLIBs as a major power sourge
portable electronic device&lIB has become the prime candidate to the power the next
generation of electric vehicles anduglin electric vehiclesand vehicles Nevertheless,

with the likelihood of enormous consumptionliofited lithium resources, concerns over



lithium supplyi but mostly its cost have arisen. Many global lithium reserves are
located in remote or in politidly sensitive area? Even if extensive battery recycling
programs were established, it is possible that recycling could not prevent this resource
depletion in timé. Moreover, increasing lithium utilization in mediustale automotive
batteries will ultimately push up the price of lithium compounds, thereby making large
scale storage prohibitively expensive.

The use of sodium instead of lithium in batteries could mitigate the feasible
shortage of lithium in an economicay, owing to the high abundance and broad
distribution of sodium sources. Furthermore, with very suitable redox poterfiigl /(&
= -2.71 V versus standard hydrogen electrode; only 0.3 V above that of lithium),
rechargeable N&n batteries (NIBs) alsdold much promise for energy storage
applications. Since sodium is located just below lithium in the s block, sichieanical
approaches includingynthetic strategies, intercalation / alloying / conversion chemistries,
and characterization methods w#d in electrode materials for LIBs could be applied to
develop electrode materials for NIBs more efficiefithn the other hand, the larger size
and different bonding characteristics of Na ionmsluencethe thermodynami¢ kinetic
properties of NIBs, which leads to unexpected behaviors in electrochemical performance
and reaction mechanism, compared to LIBs. Therefore, my Ph. D research mainly
focused on revealing the underlying electrochemical mechanisms of the electrode
materials for NIBs and making critical breakthroughs in energy / power densities for both
cathode ad anode materials.

The objective of the first part of my thesis igngestigatethe effects of transition

metak and alkali ions on thephase stability and ionic diffusivity in the layered



intercalation compounds upon cycling. The objective of the separt is tomprove the
capacity retention andate capabilitysodium titanates and unravel the fundamental
reasons fortheir ultra low voltage and intrinsic problem€hapter 2 gives ageneral
introduction of alkalion batteries. Chapter 3 briefly introduces advanced
characterization tools | use in my research including synchrotrosy>6cattering and

first principles calculationgChapter 4 investigates P2 Na[Ni13sMnz3]O, (0 < x < 2/3)

as cathode for NIBandreportthe phase transformation, fan orderings and diffusion

for this family of materialsChapter 5 discusses theritical role of Li substitution irP2
Nay[LiyNi,Mn1.y.;]O, (0 < X, y, z < 1)n the structural stabilitjor P2layered compounds

and proposes design principles for higiery electrode material$n chapter 6, the idea

of Li substitution is transferred from P2 to O3 type compounds and it is demonstrated
that the phase changes triggered by layer shifting could be prohibited through materials
optimization.Chapter 7 explains tie in-depth understanding on NazO; as an ultrdow
voltage anode material for NIB$he performance as well as the intrinsic problems for
this anode candidate is illustrated. Na full cell are fabricated with the cathode and anode

in my researchChapter 8 summarizes the overall wodnd plarfor the future research



Chapter 2. Introduction of the alkali -ion batteries

2.1.The configuration of the alkali-ion battery
Batteries convert chemical energy into electrical energy. In practice, it usually
consiss of several electrochemical cells that are connected in parallel and / or in series to
meet the voltage / current requirements. As shown in Figure 2.1, each electrochemical
cell is basically composed of a positive electrode, a negative electrode, ardbaame
separator between the two electrodes. Both electrodes and the separator are immersed in
the electrolyte. Each of the two electrodes has active materials on the current collectors.
In the alkaliion batteries,he active materials allow alkali ions be inserted or extracted.
The electrolyte and separator are conductive to ionsdsigtant to electronsllowing
alkali ions but not electrons to pass between the two electrodes through the electrolyte.
The positive electrode, which is also called afic at hode 0, i's a thi
of an active material, a conductive agent, and a binder. As stated above, the active
materials could allow alkali ions to be inserted or extracted through intercalation or
conversion reactions. For-ion batteries (IBs), layered LITMQ, spinel LiTMO,4 and
olivine LITMPO, (TM = transition metal), are the most extensively investigated. Table
2.1 summarizes three typical cathode materials for LIBs. Feoh®&atteries (NIBs), a
lot of attentions have been paid on laagNaTMQ and NASICONSs as active materials.
As most electrode materials are semiconductors or insulators, conductive additives such
as carbon black or acetylene black are essential to enhance the electronic conductivity.
Polymer binders such as polytettaftoethylene (PTFE) or podinylidene fluoride

(PVDF) are utilized tadherethe active materials and conductive additives together with



necessary mechanical strength. Upon cycling, the volume change of the active materials
could be considerate, givingsé to the damage in the electrode intactness. As a result, the
electric contact and the active materials will get lost. Therefore, a proper binder is of
great importance in maintaining the electrode intactness during the cycling and
improving thecycling accordingly.

The most widely used materials for the negative electrode, which is also called as
Aanoded, -lzaseeé materdais bsach as graphite or Mesocarbon Microbead
( MCMB) . Graphiteds | ayered structure all ow
specific capacity of graphite is 372 mAh/g and the average voltage abaud @V vs.
Li / Li*. Graphite as an anode shows very gagdling with electrolytes containing
ethylene carbonate because these electrolyte solvents decompose on thdaseton
anode, forming a protective film called the solid electrolyte interphase {SHE)r Na
ion batteries, Na ion caoe barely intercalated into interlayers in graphite modtig to
its large ionic sizeHard or nanoporous carbgnhowever, contain pores between
randomly stacked layers, where both Na and Li ions can be inserted. Silicon, Tin, and
Antimony are three of the promising candidates for anode materials in LIBs / NIBs.
However, these materials aresbd on alloy reactions, so after fully insertion, the active
materials will undergo a dramatic volume chafiddDuring cycling, the large volume
change will lead to the loss of mechanical integrity through ldetrede. A better choice
of binder, such as Carboxyl methyl cellulose (CMC), can improve the mechanical
integrity over cycling and give bettperformance retentiotihan PVDF" 12
The separator is a polymer merabeseparatinghe two electrodesyhich allows

ionic flow but preventselectric contact of the electrodes. The separator should be



chemically inert to both electrodes and the electrolyte. Commonly used separators
include porous films of Polyethylene (RBolypropylene (PP), and glass fibers (GFs).
Trilayer separators (PP/PE/PP) offer advantages by combining the lower melting
temperature of PE with the higemperature strength of BP.

The electrolyte is a solution of alkali salts and solvent. For LIBs and NIBs, the
active nature of the strongbxidizing cathodeand the stronglyeducinganoderules out
the use of any aqueous electrolyte. This is because the reduction of protons and the
oxidation of anions such as OHenerally occur within 2.0 4.0 V vs. alkali metat?
while the charged potentials of thaodeandcathodearearound0.0-0.2 V and 3.84.5 V
respectively. On the other hand, raqueous solvents need polar groups such as carbonyl
(C=0) or etheflinkage (O-) to dissolve the salt sufficientfySo carbonates such as
ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC) and
diethyl carbonate (DEC) are most commonly used. As for the salts, the choices are
relatively limited because the solubility requirement in dielectric nonaqueous solvent,
together with the anodic stability. Among most of salts which have been intensively
studied including LiCIQ, LiAsFs, and LiBR, LiPFs stands out owing to its well
balanced properti€s?’

The current collectors serve as the substrates for the electrode, providing support
and conductivity® In LIBs, aluminum is the choice for thathode, due to its low cost,
good electric conductivity, and anodic stability up to 5 V vs. Li/Eigure 2.2 (a) shows
the profile and cyclic voltammograms of Al metal in 1 M Liftr EC:DMC = 1:1 as an
electrolyte. It is seen that the anodic currentmzans a very low level from 1.0 V up to

5.0 V vs. Li/Li", indicating a good anodic stability within the potential window of the



positive electrode. Between 0 V to 1.0 V vs. LijLhowever, there is a strong redox
reaction corresponding to the-Ai alloying and dealloying. This hinders the use of an

Al foil as a current collector for the anode. Copper, however, shows significantly high
anodic and cathodic current between 1.5 V to 5.0 V vs. Lift very low current
between 0 V to 1.0 V (Figure 2.2(bpf ref. 9)*° The exceknt cathodic stability makes

Cu a good choice for the current collector of the anode in LIBs. There are no systematic

investigations on the current collectors for Na ion batteries at this point.

2.2. Charging and discharging processes in alkalion batteries

The open circuit voltage across an alkah battery is decided by the difference
in the chemical potentials of alkali ions on the two electrodes. Therefore, the selection of
the two electrodes materials determines the open circuit voltage of tieeybdhe
cathode has a lower chemical potential of alkali ions and thus a higher electric potential.
Accordingly, the anode has a higher chemical potential and a lower electric potential.

Charging and discharging process occurs through the intercaldtion
deintercalation at the electrode, which is driven by the increase / reduction of the
electrochemical potential of the alkali ion. As LIB and NIB are similar, here we just use a
typical LIB as an example. During the charging process, the Li ions arerdaiated
from the cathode, which is a layered LiTM@mpound:

LITMO2Z  kniTMO, + né + nLi* (eq.2.1)

The Li ions are driven by the electric foritem the cathodéo theanodethrough

the electrolyte, and the electrons move through the external circuit performing work. At



the anode the Li ions ntercalate into thective material, which is usually Graphite in
LIBs:

nLi*+6C + néz  LJs (eq. 2.2)

The above reactions at both electrodes are reversible. Upon the discharging
process, the reactions at both electsodecur in the reverse direction. Li ions are de
intercalated from the anode and intercalated into the cathode. Figure 2.1 shows the ionic

and electronic flow at the charging and discharging process.

2.3. Practical criterions for the electrode material designs in alkaliion batteries

The electrode materials have crucial effect on the performance of aniatkali
battery, since the electrochemical reaction in a battery is intimately tied to the electrode
materials. The key parameters for electrode matenalsde voltage, gravimetric and
volumetric energy density, power density, cycle life and cost, etc.

High voltage and capacity are desired to improve the energy density. The capacity
is based on how much the alkali ion could be hosted in the electro@égiahathe
voltage is not only decided by the selection of electrode materials but also limited by the
stability of the electrolyte. The current electrolyte in LIBs today requires the voltage to be
kept below 4.5 V to avoid substantial reactions betweerléctrolyte and the electrotle.

The gravimetric energy density, defined as the energy per unit weight (Wh/kg), is
the product of the voltage and the specific capacity. If one mole of electrode material can
supply x mole of electrons, then the specific capasifx AF / M) x1000 / 3600 mAh/g.

F is the Faradayodés constant, and M is the

the specific energy density, volumetric energy density is the energy per unit volume



(Wh/L). As todayos e | e energy within a lietadi szes s r
volumetric energy density becomes more and more significant. Higher volumetric energy
density can also cut down costs by reducing the use of separators, electrolytes and current
collectors.

The power density of a batteryaalculated as the power per unit weight (W/kg).
If the internal resistance is r and the load on the cell is R, the current igcl/£R/+ 1)
and the output power can be determined by the following equation:

P=Voc AT I2A=Vo? AR [ (R+rY (eq. 2.3)

where \,c is the open circuit voltage. With higher current, more power will be
distributed to the internal resistance and generates heat inside the cell, which may cause
sdety issues. When the battery is discharging at high rate with low external load R, the
output power is mainly restricted by r.

The cycle life is defined as the number of charging /discharging cycles the battery
can perform before the specific capacityd@lelow a certain percentage (such as 80%) of
the initial capacity’’ The cycle life relieson various factors including the structural
stability of the electrode materials, the formation of the SEI layer and its stability, the

chemical stability of the electrolyte, and the mechanical integrity.

24. Recent progress in electrode materials for N#@n batteries
24.1. Layered metal oxidesas cathode materials

It is no wonder that sodium layered oxide compounds,NIIg) have drawn
significant attention as cathode materials irribla batteries considering that their Li

analogues have been compreheslsi understood for last two decadddhe layered

e (
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NaMO, materials can be categorized into two major groups which are P2 and O3 type.
The first |l etter APO or AO0 refers to the
or octahedrm3d09 ,r efnedr sii 2too otrhe number of tr arl
unit perpendicular to the layerii§.The structural properties of NdO, have been
studi ed in é&alf<aNaCb® haslzeen revealed to show reversible
phase transformations by electrochemical charge and discharge demonstrating the
feasibility of NgMO, as a cathode materfd However, limited efforts have been spent
on Naion batteries during the past two decades due to the tremendous success of Li
batteries. Several studies on P2 or O3 typglNa,, > NaMnO,, % and NaFeG ?” have
been conducted in early 8006s to 906s, but
studies up to 3.5 V veus sodium upon the 1st cycle mostly due to the instability of the
electrolyte.

Recent studies on G@8aMO, compounds started to reveal the fact that they can
be utilized as a cathode electrode with excellent electrochemical propertiesion Na
cells. NaCrO, was investigated by Komatet al, and showed 120 mAh'gof specific
capacity near 2.9 ¥ # Interestingly, NaCr@ exhibited better electrochemical
performances over that of LiCs@ue to larger Cr@inter-slab distance in Na compound.
The O3NaNigsMno 0, electrodes delivered 105 mAh'at 1C (240 mA d) and 125
mAh g* at C/30 (8 mA @) in the voltage range of 2:23.8 V and displayed 75% of the
capacity after 50 cycles: ** The Fesubstituted O3\a[NiysFeysMny50, exhibited the
specific capacity of 100 mAhg(avg. V: 2.75 V) with smooth voltage profilésThe
phase transformation was observed in the fully charged (~ 4.0 V) electrode but original

R-3m phase was completely restored at the following discharge. The isostructural



11

compound, Na[NisMn1,3C01/3O2, showed reversible intercalation of 0.5-Mas leading

to the specific capacity of 120 mAR'dn the voltage range of 2.03.75 V3 In-situ

XRD revealed the sequential phase evolutions (O3, O1, P3 and P1) composed of biphasic
and monophasic domains upon the-iblas extraction associated with sthike voltage
profiles.

In addition to the O3 phase, P2 structured materials have bessieely studied
since larger Naon is stable in more spacious prismatic site. RecenthN&€o00, has
been reinvestigated by Bertheital. and reported to reversibl
x O %0The Msitu XRD indicated that nine singfghase domains with narrow
sodium composition ranges were observed due to distinctiVatancy orderings. P2
Na\VO, was also revisiteénd precise phase diagram determined from electrochemical
Na-ions intercalation and extraction was reporfeBour different monophasic domains
due to different N&vacancy ordering between ¥@Blabs were evidenced within the x
range of (6 ~ 0.8 leading to the superstructurehe Mn substituted R2
Nag/5{C023Mny5O,, where C8" and M coexist, wasnvestigated by the same grotip.
Unlike its analogue, PRIay3C00,, P2ZNayCozsMny5)O, displayed only one voltage
step at NaJCo,3Mny3]O, composition A study by Luet al. demonstrated that the P2
Nag/3[Ni1sMn23]O, can reversibly exchange 2/3 of #ms in Na cellsleading to the
capacity of 160 mAh gbetween 2.0 ~ 4.5 ¥ *' The phase transformation of P2 to O2
at the high voltage region was evidenced bgitn XRD and it caused the significant
capacity fading and poorate capability. However, when this material was recently
revisited by Leeet al, theelectrodes delivered 89 mAR gt C/20 and 85% of capacity

at 1C was obtained with excellent cycling performances by excluding the phase
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transformation regioff It was revealed that the diffusivity of Nans in P2 structure is
higher than that in the corresponding O3 structured Li compourdsubstituted

Nay oLio.sNio.29Mng 760, was studied by Kinet al. and displayed 95 100 mAh g of
specifc capacity in the voltage range of 2.0 ~ 4.2 V, excellent cycling and rate
capabilities®®. Recently, Yabuuchet al. reported that NajFeisMn15]O, delivers the
capacity of 190 mAh gbetween 1.5 to 4.2 £ The energy density is estimated to be
520 mWh @, which is comparabléo that of LiFePQ (530 mWh @'). They evidenced

that highly reversible phase transformation of P2 to OP4 occurring above 3.8 V and

Fe*/Fe* redox couple is electrochemically active in-Ma cells.

24.2. Polyanion compoundss cathode materials
Recenty, polyanion compounds have attracted considerable attention fmnNa
batteries. Various crystal structures are demonstrated to be able to accommeidate Na
due to their open channels. In polyanion compounds, tetrahedral polyanion structure units
(XOy)™ (X = P or S) are combined with M@M = transition metal) polyhedra. Due to
the strong covalent bonding in (413, polyanion cathode materials usually possess high
thermal stability, which make them more suitable for lesgale energy applications.
Moreover, since the operation voltage is influenced by local environment of polyanions,
the voltage of a specific redox couple can be tuned for this type of materials.
Compounds based on the 3D structure of NASICON are extensively studied for
their structual stability and fast ion conduction, initially as solid electrolyte® and
more recently as insertion materidfs>* The general formula is,MMd ( ¥sOn which

comershared MQ ( o r MaBAOXQ polyhedra form a framework with large Na
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diffusion channels>? In 1987 and 1988, Delmas al. demonstrated that NASICOtype
compounds, Naj{POy)s, can be electrochemically aatiwith Na in a reversible manner
4445 |ater NaNbFe(Pg)s, NaTiFe(PQ); and NaTiCr(PQy); were explored?” *° Since
then, most studies of this family of compounds wereised on Liion batteries, because
the cell performance was generally poor in-ibla batteries. Sodium intercalation in
NagVo(PQy)s was first synthesized in 2002 by Yamaki al>®. The existence of two
voltage plateau at 1.6 and 3.4 V vs. Na/lkowed using this phase not only as cathode
but also anode in a symmetric cell. However, the cycling stability osgmsnetric cell
was relatively poor® Recently, several methods have been utilizedot carbon on
NagV2(PQy)s to improve the battery performance.> Among all, Balayzet al.reported
the excellent cycling stability and superior rate capabfitywhich was attributed to
facile sodium ion diffusion in the nargized particles embedded in a conductive matri
Unlike the olivine LiFePQ % *’ the sodium analogue, NaFePQvas not
extensively investigated. The olivine NaFeRfan be obtained by extracting-lons out
of LiFePQ, and subsequently inserting fins inb FePQ*%. Upon Naion extraction,
two different plateaus were clearly @pged in the voltageomposition curveresulted
from two successive firgirder transitions concomitant with the formation of an
intermediate NgzFePQ °% ® On the other hand, only one plateau is observed upon
discharge, indicating that the charge and discharge process might go through different
reaction paths. Recently, Cabaresal. demonstrated that the Na insertion into FgPO
occurred via an intermediate phase which buffers the internal str¥sBesides the pure

iron olivine, the NaFgMno sPO; was synthesized by a molten salt reactfétCompared
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with NaFePQ@, a sloping profile over the entire voltage range was displayed {iorNa
batteries. The originfdhis solid solution behavior was not clarified.

In the quest for new cathode materials, various structures with different polyanion
groups are demonstrated to be promising candidates. The family of sodium vanadium
fluorophosphates, NaVR® %3, NagVo(PQy)-F3°*°° and Na sVOPO,F,5°" have attracted
interests due to high potential of th&"X** redox reaction. Though the electrochemical
activities of NaVPGF have been demonstrated in-la batteries®®, no longterm
electrochental tests have been reported so farg\NW&POy).F; was first reported by
Meins et al.® and its good cyclability was achieved recentfj. Concerning
Nay.sVOPQOsFo 5, Sauvageet al. claimed that a reversible capacity of 87 mAh was
shown by galvandatic cycling of the material at C2 The compound was comprised of
layers of alternating [VEF] octahedral and [Pfp tetrahedral sharing O vertices
Moreover, NaFePQF was first studied by Naza&t al, in which twedimensional iron
phosphate sheets host two-Mas. °® Later, the $othermal synthesis was applied to
prepare this compound, so that the morphology could be contrlladeversible twe
plateau behavior was displayed in the electrochemical profiles versus Na metal, and the
discharge capacity was over 100 mAhduring 10 cycles. With regard to pytupsphate,

a variety of Nabased pyrophosphates are investigat&&. While these pyrophosphate
materials adopt different crystal structures depending on transition metals, most of them
contain open frameworks theould facilitate efficient diffusion of N&ns. Recently, a

new version of Rdased pyrophosphate, M&PR0O;, was firstly reported as the cathode
materials.”? This material delivered 90 mAh'gpf reversible cpacity with two distinct

plateaus at 2.5 V and 3.1 V respectively. Excellent thermal stability was also observed up
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to 500 °C, indicating that the N&ePO; could be a promising candidate for positive
electrode material in Nen batteries. In addition fohosphatdased compounds, sodium
transition metal fluorosulphates, NaMJ® exhibit high Naon ionic conductivity and
have been tested for the electrochemical activities iioN@attery. In NaFeS{P, Na
ions reside in the spacious tunnels constructedoonershared FeS§F frameworks.®

" These materials were demonstrated to work reversibly in hybridnLbatteries;

however no decent reversibility has obtained iridtabatteries’> "

2.4.3. Anode materials

Compared with tremendous progress in cathode direction, the development of
suitable anode materials for fan batteries remains a considerable chall@AgF.
Graptite cannot be used as anode, since it is unable to intercalate Na ion revérSibly.
Metallic Na is also ruled out, because it forms dendrites easily and has an even lower
melting point than Li. Hard carbons seiown to insert and dasert Na ions, delivering
capacities about 20800mAh g *."*®" However, the reversibility for carbonaceous
materials still requires further improvemé&nt®® Na-alloys are proposed as possible
alternatives, as they can potiefly provide higher specific capacitiés®® These alloys,
however, suffer from large volume changes upon uptake / removal of Na, in analogy to
Li-alloys®® Another emerging class of materials is transition metal oxides. For example,
NaVO; is shown to yield a reversible capacity (e.g. <t8%h g'*) at C/100 current rate,
but its operating voltage is at I5vs. Na'/Na, leading to a low energy densifyTi-

based oxides are suggested to be an attractive aernetinsidering that LTisO;, is
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one of the few commercialized anode materials iohi battery’™ °* Several different
sodium titanates have been explored as anodes fmrNazattery’>®’

Chapter 2, i n part, i s a reprint of t
intercal ation positive electrode materials
Functional materials letters, Jing Xu, Dae Hoe Lee, Ying S. Meri@, ) 1330001. The
dissertation author was the-pamary investigator and author of this paper. The author

wrote thepolyanioncathode for the N#&n battery part.
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Figure2.3 Schematics of crystal structures of (a) O3, (b) P2, (c) NASICON, (d)
Na.sVOPQOsFs, (€) NaFePQF and (f ) NaFeRO; %
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Table 2.1 Summary of three typical positive electrodeenas for LIBs

Space | Structure lonic Ave. Practical | Gravimetric | Volumetric

group diffusion | voltage | capacity energy energy
dimension (Volt) (mAhl/g) density density

(Wh/kg) (Wh/L)

LiCoO, R-3m Layered 2D 4.0 155 620 3100
LiMn,O, | Fd3m Spinel 3D 41 120 492 2066
LiFePO, | Pnma Olivine 1D 34 160 544 1959




Chapter 3. Advanced characterization tools

3.1.Synchrotron X-ray scattering techniques
3.1.1. Synchrotron radiation

In the past ten years, the skyrocketing development in LIB has significantly
benefited from increasgly sophisticated characterization techniques, which enable a
detailed control and comprehensive understanding at the atomic level of battery materials.
Among recent advanced characterization tools, a leading role has been certainly played
by those explding synchrotron radiation sources (SR8sJhe key features of SRS in
relation to materials studies are the wavelength tunability, which allow distinguishing
different elements and oxidation states, and the high brightness and excellent vertical
collimation of the source, vith make possible the construction of diffractometers with
unparalleled angular and spatial resolution.

In SRSs, electrons moving close to the speed of light within an evacuated pipe are
guided around a closed path of 10000 meter circumference by vieel magnetic
yel ds. Wherever the trajectory bends, t he
Accelerating charged particles emit electromagnetic radiation, and the fact that the
electrons are moving at nearly the speed of light implies thatvistat edects are
important. In this case, they profoundigext the properties of the emitted radiation: the
average energy of the-bays and the total radiated power are more intense, and the
radiation pattern becomes more directional, making it mucherea employ Xray

optics such as monochromators. In the 1g@meration of SRS§,i nser ti on devi ¢
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as fiwigglerso and Aundul atorso also are wus

emitted radiation.

3.12 In situ synchrotron X-ray diffr action (SXRD)

XRD is a technique based on scattering efa)¥s by electrons of the constituent
atoms of a crystl. When an Xray beam impinges on a crystalline material at an incident
angle d, a fray deam is caattered by théh adoms<on the surface, and the
fraction not scattered reaches deeper atoms in the crystal structure where then further
interadion is happened. The constructive interference of the scatteragisXrepresents
the diffracted beam, which behaves as a sp

in the crystal®

Therefore, the diffracted beam is generated only if certain geometrical
conditions are satisyed, according to the
Nee = 2dsind

wher e @a ilesgthtofhtlee Xnayabean, d the crystal interplanar spacing, n an
integer that represents the orders of repe
ofthe Xr ay beam. The i1 deal crystal size for I
10°to 10" m, and if the crystal size is smaller than abouf i) the crystallites are too
small for diffraction at Bragg angles, so that their only constructive interferences are
limited to small angle$™

As phase trasformations are frequently encountered in electrode materials upon
cycling, the use of in situ XRD has provided valuable information on reaction paths and

rates, nature of crystalline and amorphous intermediate product phases, lattice evolution,

stacking &ults formation and growth. Although a conventional laboratory diffractometer
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wi t h Xuray kube can be used to conduct in situ measurements, the quality of the
measured signal may be adversely affected as a consequence of the attenuation of the
incident X-ray beam within the batteries. On the other hand, the principal features that
distinguish synchrotron Xays from conventional Xays, are the high intensity, the
excellent vertical collimation, and the white (continuous) spectral distribution. ©heyref

the use of synchrotron radiation permits XRD measurements to be performed with high,
spatial and time resolution through the use of focused and intense high enengy/that

are capable of penetrating a wide range of in situ sample environtffefitee high
intensity of synchrotron Xay beams greatly improves the sigt@hoise ratio, allowig

the detailed analysis of trace amounts of material and the sufficient data quality for
Rietveld refinements. The tunability of the wavelength makes it possible to avoid
absorption edges or use harda§ radiation in order to penetrate reaction vesseish

as LIB and NIB!®®

3.13 X-ray absorption spectroscopy (XAS)

The elemenspecific nature andhigh sensitivity to the local chemical
environment of XAS technique make it an ideal tool to detecelbetronic structural
properties and intesitomic detailsOncethe X-rays hit a sample, the oscillating electric
field of the electromagnetic radiation interacts with the electrons bound in an atom. Either
the radiation will be scattered by these electrons or absorbed and excite the el®ctrons.
A narrow parallel monochromatic-ay beam of intensitylpassing through a sample of

thicknessx will get a reduced intensity | according tetequation 2
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11— Go (eq. 3.2)

In this equationp is the linear absorption coefficient, which depends on the types of
elements and the density of the material. At certain energies where thetiabsor
increases drastically and gives rise to an absorption edge. Each edge occurs when the
energy of the incident photons is just sufficient to cause excitation of a core electron of
the absorbing atom to a continuum state. Thus, the energies of thbeabsadiation at
these edges correspond to the binding energies of electrons in the K, L, M, etc, shells of
the absorbing elements. The absorption edges are labeled in the order of increasing
energy, K, L, Ly, Ly, M;, corresponding to the excitation ah electron from the 1s
(2S,), 2s (2%), 2p (2Rs), 2p (2R)), 3s (29) orbitals (states), respectivelWhen the
photoelectron leaves the absorbing atom, its wave is backscattered by the neighboring
atoms. Figure 3.1 shows the sudden increase in thay dbsorption with increasing
photon energy. The maxima and minima after the edge correspond to the constructive and
destructive interference between the outgoing photoelectron wave and backscattered
wave An X-ray absorption spectrum is generally dividatbi4 sections: 1) predge (E
< Eg); 2) X-ray absorption near edge structure (XANES), where the energy of the
incident Xray beam is E = £+£10 eV, 3) near edge Xay absorption fine structure
(NEXAFES), in the region between 10 eV up to 50 eV abovedige;eand 4) extended-X
ray absorption fine structure (EXAFS), which starts approximately from 50 eV and
continues up to 1000 eV above the edge.

The minor features in the pezlge region are usually due to the electron
transitions from the core level toenigher unfiledorhaif i | | ed or bi tals (e

p Y d). I n the XANES regi on ,-bound lavelswithi ons



26

close energy occur. Because of the high probability of such transition, a sudden raise of
absorption is observeth NEXAFS, the ejected photoelectrons have low kinetic energy
(E - Eo is small) and experience strong multiple scattering by the first and even higher
coordinating shells. In the EXAFS region, the photoelectrons have high kinetic energy (E

- EO is large)and single scattering by the nearest neighboring atoms normally dominates.

3.2.First principles calculation
3.2.1 Density functional theory

All first principles quantum mechanicablculationsrequire a solution to the
manyparticle Schodinger equation The exact solution of the full maibodied
Schrodinger equation describing a materiakigl not completelysolvable today, but by
using a series of approximations, the electronic structure and the total energy of most
materials can be calculated quaiec cur at el y. The total energy
it he energy required to bring all constitu
distancé where they do not interact to form an aggredate.

Density Functional Theory (DFT) is an approach to the quantum meahani
manybody problem, which associates all the interactions to a uniform variable, the

electronic charge densit)®'®® Hohenberg and KoHf showed that the grourstate
energy of an Melectron system ia functon only of the electron densip(i,. In DFT

the electronsire represented by oedy wavefunctions, which satis§chrodingetlike

equations

{' B V() vapun varu s w (eq. 33)
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In this equation, i is the ine g e r number . The yrst tern
energy of a system of nanteracting electrons; the second is the potential due to all
nuclei; the third is the classical Coulomb energy, often referred as the Hartree term; and
the fourth, the sealled exchange and correlation potential accounts for the Pauli
Exclusion Principle and spin effectsx.Mncludes the difference between the kinetic
energy of a system of independent electrons and the kinetic energy of the actual
interacting system with the sandensity’® The soltion of the energy equation is
obtained in a seltonsistent way to ensure the accuracy.

To get the exchangeorrelation potential, there are two major approximations to
solve this problem, localensity approximation (LDA) and generalized gradient
appraimation (GGA). In LDA approximation® it is assumed that the exchange
correlation energy per electron equal to the one in a homogeneous electron gas. While in
GGA approximation, the detailed deviation of the excharageelation potential curve is
taken into considetn and used as the criterion to determine the exchemgelation
energy'*° However, in transition metal ionthe highly localized d electrons could cause
the main error of calculation accuracy because of the lack of cancellation of electron self
interaction. ADFT + U method therefore is developed to circumvent this problem and is
proved to be successful in émtalation materials:* 2

Besides the electreslectron interaction, the electraon interactions are also
difficult to deal with because of the huge number of -@eetrons of each ion. Since the
coreelectons are tightly bonding with the nuclei, a large number of wave functions are
needed for théourier transformation, which will highly raise the cost of computation. It

is necessary to do the full electron calculation if dealing with the fine electromotuse
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of the materials. However, most of the time, the major physical properties of the
materials are determined by the valence electtbnghus, he pesudopotential
approximation is developed so that all the eslextrons are simified as a core and the

ion is divided into two parts t h e Acoreo and the valenc:
pseudopotential is set up that it will be exactly the same with theeter®on potential
beyond a critical distance.;, from the nuclei. On one hanthe consistence between
pseudopotential and fudllectron potential beyond. rensures the correction of the
properties that determined only by the valence electrons. On the other hand, the
complicated corelectrons are substituted by only one potentiacfion therefore the
computation cost issignificantly reduced. Again, since the pesudopotential of each
element is only determined by the atomic number of the element, it could also be

determined in a selfonsistent way.

3.2.2 Applications in battery sudy
The equilibrium intercalation voltage is determined by the chemical potential
difference of alkali ions in the anode and cathode. The open circuit voltage of a cathode

with the alkali ion composition of x, is obtained by

athode _ de
V = u (eq_ 34)

ze
where A is the alkali ionz is the charge of alkali ion, and e is the electron ch&pen

the anode is pure metallic Li or Nigs chemical potentiak constaneand the voltage is
only dependent on the change in the chemical potential on the calthauest cases, the

average voltage is of main interest, though it is possible to obtain the voltage as a
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function of alkali ion composition with a higher computaticwst™'* **> The average
voltagecan be easily obtained by the equation below:

L
(% - %) ze

(eq. 39)
w h e rGeahe &bbs free energy for the reaction between the alkali ion compositian of
andXx; in the cathode. The reaction free energy can be considered in three parts by the
equatG dB+ReV-TaS. The i nt er nak, cae lmeebtagngddra han g e,
first principles calculations. ThBad/ term can be neglected in a sedithte reaction
where the volume changes are usually small. In fe&&/ is in the order of 18 eV,
wh e r & & & thesorder of 3 to 4 eV per formula uiiesS can also be negleed as it
is only the order of thermal en6&rappe whi c
approximated by with very small error, enabling the fairly correct voltage prediction
from first principles calculatiofr-* **°

During the targng / dischargng reaction, some electrode materials experience
phase transformations. Irreversible phase transformations cause capacity loss if the
transformed structure is not electrochemically active in the desired voltagt oange.
Also, some reversible phase transformations can affect the integrity of structures
especiallywhen the volume change involvedssbstantial First principles calculations
can predict the phase transformation during the alkali ion insertioexrattion, since
the energetically favorable phase can be easily determined by total energy calctiations.
However, predicting phase transformations is often not a simple task if competitive
structures are not kmvn at all. All possible candidates for a stable structure at each alkali

ion composition should be considered and the total energy of all the structures should be
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calculated for comparison. In practice, it is nearly impossible to find all possible
structues, and the computational cost of total energy calculations of these structures is
often extremely high. Nevertheless, some experimental information available about the
structure at certain alkali ion composition candbeyreathelp to reduce the effortand

make phase identificatiormuch more efficient. Besides, some techniques which deal
with partial disorder efficiently such as the cluster expansion can be U<éfdllt has

been shown that the cluster exp@m technique is particularly helpful in handling
candidate structures with partial Li occupancies in Li sites that arise from Li
de/intercalation reaction. The dependence of the energy on the site disorder can be
parameterized with a cluster expansiothére is no major structural modification. Only

the total energy of a manageable number of configurations is required to parameterize the
cluster expansion correctly. Once the function between energy and Li composition for
candidates structures is consted, the stable phase(s) at the composition of interest are
determined, therefore, the phase transformation can be pretfitted.

Li diffusivity in electrode materials am be estimated from first principles
calculations. Diffusion is a neaquilibrium phenomenon that refers to the transport of
atoms over a chemical potential gradient. However, when kinetic phenomena proceed not
too far from equilibrium but rather evolvetween states that are in local equilibritfh
123 the kinetic parameters such as the diffusivity can be determined by considering the
decay of fluctuations at equilibriul@***® Li ions spend most of their time at
crystallographically well defined equilibrium sites and only a very small fraction of time
is spent occupying paths connecting adjacent sites. Therefore, Li motion can be viewed

as a succession of discrete hapsl be modeledtatistically A good approximation for
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the frequency with which Li ions hop between adjacent sites is transition statg'ffleor
The transition theoryanverts the complexity of the many dynamic trajectories a typical
atom follows before it actually hops, into a probabilistic frequency that, on average, gives
the rate with which an atom performs a hop. In transition state theory, the hop frequency

is written by

G exp(_k“_II_b ) (eq. 36)

wherevi s a vi brat i onislan energy fliflecence between the imiial
state and the activated state, thatmsaetivation barrier. The elastic band method enables

the determination of the minimum energy path between two energetically stable end
points™* In the calculationthe hitial and final states for a diffusion hop are calculated
first. Then a fewntermediate states aceeated bynterpolaing between initial andinal
statesAs thesentermediate stateme metastable, theyare boundo one another with so
calediet as bando so that they do inti@orfimnt i r el
state The relaxed intermediate states along the energy landscape (first principles energies)
follow the minimum energy path and give the activation barrier. All the pessibl
diffusion pathsshould be calculated and comparge]ding activation barriers for each

path. Considering all the paths testedmerical simulations such kmetic Monte Carlo

enable an explicit simulation of the migration of Li ions using the juneguency
obtained by equation (3.6) with the aid of cluster expansions to parameterize the first

principles activation barrier if it depends on the environment.



32

NS
14 — '/‘ ’/

c 12 2P > &

O

-'é- 1.0

8 ) CTION [ | 720
Q Y

o T S

0.8 - :{ T
: ) S
0.6 1 e (WG

XANES EXAFS

I I T I I T I T |
17000 17200 17400 17600 17800 18000
Photon energy {eV)

04

Figure 3.1 Xray absorption spectroscopy spectra including XANES and EXAFS regions.
Inset scbmes illustrate the origins of tlscillationin the spectra



33

Science

The equipment Application

Scientific

P problem-

P solving

Implementation Qs
Theory” [N (the algorithms —+»
(DFT) and program) :

“Base

Setup model, Research
run the code ’ output

“Analysis
B Theory”

Figure 32 Schematic of the application of the DFT calculations in battery
research




Chapter 4. Advanced cathode for Naion batteries with high rate and excellent

structural stability

Li-ion batteries offer the highest energy density among all secondary battery
technologies, have dominated the portable electronics market and have been chosen to
power the next generation of electric vehicles and-piuglectric vehioks. Nevertheless,
the concerns regarding the size of the lithium reserves and the cost associatédomith
technology have driven the researchers to search more sustainable alternative energy
storage solutions. In this light, sodidmased intercalatioocompounds have made a major
comeback because of the natural abundance of sothuiims chapter, P2 typeathode,
Nag/3[Ni13sMn23)Oo, is intensively investigated to reveal the structural stability and Na
ion mobility using synchrotron Xay diffraction, electrochemical characterization and
computational technique$he diffusivity of Naions in the P2 structure is faster than that
of Li-ions in O3 phaseP2 to O2 phase transformation is observed in the high voltage
region, however excellent battery projpes are obtainedy excluding the phase

transformation.

4.1. Introduction

The worldwide demand to develop the electrical energy storage is growing as
renewable energy technologies such as wind and solar energy conversion become
increasingly prevalent. Giog forward with largescale stationary electrical storage, new
battery systems which are more reliable and lower in cost will be reqtifteld -ion

batteries have been considered one of the most suitable candidates; however there are
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concerns about the cost and thegmitical limit of lithium sources. In order to develop
the alternative energy storage devices, usage of abundant and enviro+iresiiy
elements is needed. Ambient temperature sodiased batteries have the potential for
meeting those requirementsalto the wide availability and low cost. In addition, they
provide an alternative to lion batteries, since the gravimetric energy density is
comparable to Lion batteries.

Studies on electrochemical insertion and extraction efoNa began in the lat
1970s and early 1980d3%*°. Due to the tremendous success ofdri batteries, limited
efforts have been spent ondm batteries during the past two decades. More intensive
researches on various cathode male have been conducted since 2000s with the
concern regarding the long term viability of Li chemistry. A series of studies on layered
cathode materials for Nan batteries have been conduct&bdiumbased layered
cathode materials are categorized w0 major groups which are P2 and O3 type. The
first |l etter APO or fA00 refers to the natu
octahedral), and A20 or A30 refers to the
perpendicular to the layeringd. The P2- NaCoQO, material hasbeen investigated by
Delmas 6s group to reveal the phase t%#nsfor m
Layered O3 type NaxVOZ, NaxCrO2?°, NaxMn022°, and NaxFeO¥ have also been
reported to be able to host s upon charge and discharge, howewer capacity
fading was significant. A study by Lu et. al demonstrated that the |[&red oxide,
Nag/gNi1sMn23O2 can reversibly exchange Nens in sodium cell§® . In addition to

éZ, 75, 76

the layered materialssome phosphates based on either the olivih or

NASICON ***® structures appeared to hold particular promise. Their strong inductive
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effect of the PGP polyanion that moderates the energetic of the transition metal (TM)
redox couple generates relatively high operating potentials HoiNdatteries. More
recently, advanced Na compounds with novel structures have been prepared and
characterized. Li substituteMay oLig 2Nig29Ving 750, was studied by Kim et. al and
displayed 95 mAh/g of specific capacity, excellent cycling and rate capabilities. It is
hypothesized that Li in the transition metal layer improves the stalctability during

the cycling®®. The research on single crystal NgO:s nanowires was conducted by

Cao et. al, and they demonstrated that theiddabattery exhibited 110mAh/g and good
cycling properties until 100 cycle$®. This compound has drawn significant attention
due to the large tunnels in the structure, which are suitable for incorporationiafs\a

146. 147 However, they still require the substitution ibfactive species or narszale
fabrication which might diminish the advantage of using low cost sodium. As we
mentioned earlier, the reversibility of P2Nagg[Ni1sMn,5]O2 has been demonstrated
experimentally. However no subsequent studies have beelicied for nearly a decade
presumably due to the poor electrochemical performances, though the material is lower in
cost and easy to synthesize. Sinceiddais 70% larger in volume than-ion, unique

and robust structures are required for long termlgiabnd new intermediate phases due

to Naion vacancy ordering may be expected during the cycling. Such unique crystal
structural penomena and related electronic properties can be efficiently investigated using
first principles computational techniquesdause of their atomistic level precisifi
Despite the many advantagesnly a few computational studies on the physical or
chemical properties of Nimn batteries have been performtéd *>°

In this work, we combine both experimental and computational methods to
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investigate the afictural, electronic, and electrochemical properties of P2
Nap/s[Ni1sMny3]O02. The phase transformations upon the charge and discharge were
precisely characterized by synchrotron XRD and confirmed by first principles
calculations. New intriguing pattesnof Naions vacancy orderings were identified,
which correspond to the intermediate phases during electrochemical cycling. The
diffusion barriers calculated by the nudged elastic band (NEB) method and
experimentally measured by galvanostatic intermittétvation technique (GITT)
demonstrate that the mobility of Nans is indeed faster than that ofibns in a typical

O3 structure. High rate capability and excellent cycling properties can be obtained by

limiting the P202 phase transformation.

4.2. Experimental

A co-precipitation technique was utilized for the synthesis of the stoichiometric
NaOH (SigmaAldrich) solution at 10 ml/h rate. The -@vecipitated M(OH) were then
filtered using a centrifuge and washed three times with deionized water. ®te dri
transition metal precursors were ground with a stoichiometric amount gEya
(anhydrous, 99.5%, Strem chemicals). The calcinations were performed at 500 € for 5 h
and at 900 € for 14 h in air.

Cathode electrodes were prepared by mixingsfMi1/3Mny3O2 with 10 wt%
acetylene black (Strem chemicals) and 5 wt% polytetrafluoroethylene (PTFE). Na metal
(SigmaAldrich) was used as the counter electrode. 1M N#&&%%, Strem chemicals) in
the battery grade 67 vol.% diethylene carbonate (DEC) and 33 eth@lene carbonate

(EC) (Novolyte) were used as the electrolyte and the glass fiber GF/D (Whatman) was
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used as the separator. The swagelok type cells were assembled in an argon filled glove
box (HO < 0.1 ppm) and tested on an Arbin battery cycler irgiieanostatic mode. To

measure the chemical diffusion coefficient, the galvanostatic intermittent titration
technige ( GI TT) was | mployed at a pulse of 1
relaxation time between each pulse.

The samples for XRD were obtained by disassembling cycled batteries in an
argonfilled glovebox. The cathode was washed by battery grade dimethybrete
(DMC) 3 times and dried in the vacuum oven at 100 € for 24 h. The cathode film was
sliced into thin pieces and mounted in the hermitically sealed capillary tubes-$auex
XRD. Powder diffractions of all samples were taken using synchrotron ARibe
Advanced Photon Source (APS) at Argonne National Laboratory (ANL) on beamiine 11
BM (& = 0.413384 ). The b-mplmebm witb a highes a
precision diffractometer circle and perfect Si(111) crystal analyzer detection for high
sensitivity and resolution. XRD patterns were analyzed by Rietveld refinement method
using FullProf softwaré>"

The yrst principles cal cupblaizted GGAs+Uwver e p
approximations to the Density Functional Theory (DFT). Core electron states were
represented by the projector augmenigve method>? as implemented in the Vienna
ab initio simulation package (VASPY*'*°. The PerdevBurke-Ernzerhof exchange
correlation'*® and a plane wave representation for the wave function with a cutoff energy
of 450 eV were used. The Brillouin zone was sampled with a depsints mesh by
Gamma packing. Thesuperell is composed of twentfjour formula units of

Nap/3g[Ni1sMny3]O2. In the supercell, there are two layers of TM, and two layers ef Na



39

ions. The inplane dimension iMoo ¢Mod . The lattice shows a P 63/m m ¢
layered structure. Thet@amic positions and cell parameters are fully relaxed to obtain
total energy and optimized cell structure. To obtain the accurate electronic structures, a
static seHconsistent calculation is run, followed by a rs®if-consistent calculation
usingthecahcul at ed charge densities from the yr
internal relaxation of the ions in the second step calculation. The Hubbard U correction
was introduced to describe the effect of localized d electrons of transition metal ions.
Ead transition metal ion has a unique effective U value applied in the rotationally
invariant GGA + U approach. The applied effective U value given to Mn ions is 4 eV and
to Ni ions is 6.1 eV, consistent with early wdfR *** ' The migration barriers of Na

ion and vacancy in the material are calculated using the NEB method as implemented in

VASP.

4.3. Results and discussion
4.3.1. Electrochemical properties oP21 Nay/3[Ni1sMn 2302

Figure4.1(a) shows the xperimental voltage profiles as a function of the specific
capacity in the voltage range from 2.3 ~ 4.5 V at a low rate that represents near
equilibrium (C/100). The asalculated voltage profiles (dotted line) match qualitatively
well with the experimentavoltage pattern. The theoretical capacity of P2
Nag/g[Ni1sMny3O, is 173 mAh & considering Ni* - Ni** redox reaction which is
associated with 2/3 of Nians. However the material exhibits 190 mAh of specific
capacity at the %1 charge which is17 mAh g' higher than the theoretical value

presumably due to possible electrolyte decomposition above 4.4 V. Reversibly, 140 mAh
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g’ of specific capacity was obtained at the following discharge, indicating that the
reversibility is around 74%. It was sérved that there are two major intermediate phases
at 3.5 and 4.0 V upon the charge, which correspond to the Na content of 1/2 and 1/3,
respectively A long plateau was observed at 4.22 V indicating that a two phase reaction
is occurring. According to thenergy calculation shown in kige 4.1(b), P2 has the
lowest energy in the region 1/3 < x < 2/3, thus is the most stable phase. After removing
all Narions (x = 0), O2 is more stable phase whose enerdyrise¥ f.u* (1 f.u. contains

one [Ni;Mny3] unit) lower than P2 phas&his energy difference is significant as the
DFT accuracy is about 3 meV fuThe schematics of P2 and O2 structures are shown in
Figure 4.1(c), where Naons are coordinated by prismatic site and octahedral site.
Therefore theoxygen stacking sequences of P2 and O2f&f& BBo0 and @A ABCB
respectively. It is easy to visualize that O2 structure can be formed by simply gliding of
two oxygen layers without breaking the bonds between oxygen and TMs. The
coexistence of these two phasesds to the long plateau at 4.22 V in the region 0 < x <
1/3. Using P2 at x = 2/3 and O2 at x = 0 as the reference states, the convex hull
connecting all the lowest formation energy (dotted lin€&igure 4.1(b)) is constructed,
which has been extensiyelised as a direct measure of phase stafilfty>® The two

points (dotted circle irFigure 4.1(b)) at x = 1/2 and 1/3 shown on the convex hull
correspond to two new stable intermediate phases. In order ftifyidbe intermediate

phases, synchrotron XRD and advanced calculation are applied.

4.32. Structural properties of P2 i Nags[NiysMnosO, upon the charge and

discharge
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As shown inFigure4.2(a), ex-situ synchrotron XRD was taken at the different Na
cortents to investigate the new phases and precise sodium intercalation and de
intercalation mechanisms. All the reflections can be indexed in the hexagonal system
using the P63/m m ¢ space group except for the fully charged phase. The peaks at 3.4
and 6.7 are assoeited with the hydrated P2 phdsé As reported in earlier work, it was
observed that the phasensformation from P2 to O2 occurs above 4.2 V upon the
charge, and the P2 phase is reversibly regenerated at the following discharge to 3.75 V.
Although the voltage rises were clearly observed at 3.5 V and 4.0 V, no obvious changes
are detected in the XRD peak positions and intensities, which are consistenheavith
earlier report. On the pristine and fully discharged XRD patterns, the small peaks were
detected at 7.23 7.54 and 7.8 possibly due to the existence of M@ vacancy
superstructure orderingd-igure 4.2(a) right), which will be discussed later. brder to
obtain precise information regarding the structural changes, Rietveld refinement was
carried out to identify the site occupancies and lattice parameters. Detailed Rietveld
refinement fitting results of NENi1/3Mny;3]O, are shown in Tabld.1. Changes in lattice
parameters are shown kiigure 4.2(b). During Naion extraction, the lattice parameter,
which are dominated by the il distance, decreases slightly as expected from the
oxidation of Ni ions. The lattice parameter is maintained after N&ions are extracted
from the structure possibly due to the P2 to O2 phase transformation. However, the
lattice parameter slowly increases until x approaches 1/3 and then decreases drastically at
the P2 to O2 transformation region; where x is lowen thé&. Once the 1/3 of Nians
are extracted, successive O layers directly face to each other without any screening effect

by Naions. Therefore, the increased electrostatic repulsion between these oxygen layers
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expands the lattice parameter along theaxis. After 1/3 Naons are removed from the
structure, oxygen layers prefer to shift resulting in O2 stacking. Though the chamrges in
lattice is relatively large, R@2 transformation requires no bond breaking between
oxygen and TM indicating that thequred energy is low and the possibility of structural
collapse is small. The changes in the lattice parameters appear to be reversible at the
following discharge. The changes in the site occupancies-@i¢aduring the % charge

and discharge are shown Figure 4.2(b). There are two different Na sites in the P2
structure, which are face sharing with M(Na) and edge sharing (&° The total
refined Na amount in the gwepared sample is 0.68, where 0.25 of Na are sitting en Na
site and 0.43 of Na are located inc/S#e. In general, the simultaneous occupancy of both
sites allows the iplane N& - Na’ electrostatic repulsion to be minimized leading to
globally stable configurations. However, thecdée is energetically more favorable in
comparison with the Nasite die to lower electrostatic repulsion between Nad TM'.
Upon the charge, the Nans in Na site appears to extract slightly faster thanidizs in

the Na site until x approaches to 1/3, possibly due to the highglaine Na - Na
electrostatic repulsn in Na site. However, the occupancies in both sites are uniformly
extracted after that concentration. Upon the dischargéomain both sites are uniformly
filled until x approaches to 1/3, where Na Na. = 0.17. Although the simultaneous
occupancie®f both sites are essential to minimize thglane electrostatic repulsion, it
appears that this repulsion is saturated once around O-lghdlare filled in each site.
After this saturation, the electrostatic repulsion betweeh &al TM™ energetical

governs the occupancies leading to majorityidies in Na site.
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4.3.3. Naion ordering effects

As discussed above, the overall occupancy ratio is decided by the competition
betwen sites energy and electrostatic repulsion. This competition also éets efi the
in-plane arrangement of Nans. Our calculation reveals that the other two short voltage
steps at 3.5 V and 4.0 V mainly result from thelane ordering effect. IRigure 4.3(a),
the stable ordering patterns in pristine materials consistiapfconnecting in a very
intruiging pattern. The distance between such iblas is 2@, which has been named
Al arge zigzago (°%%ZMe other simptenogderedtstatesavhalle
Na atoms form fhoneyc8md Biith fod\ia sitesoecupied, o r
have at least 20 meV f:ihigher energy compared to that of LZZ. Therefore the ground
state ordering has part of Mans in high energy sites (Nain order to achieve the
stability by minimizing the electrostatic repulsion amongidtss. In fact, LZZ pattern
has also been detected by our synchrotron XRD. As illustratédgure 4.3(a) right,
three superstructure peakspnstine electrode are observed, which correspond to-the d
spacing of around 3.2 A. This value is consistent with the average distance between
nearest neighbored Nans in the proposed LZZ pattern. Superstructure peaks dissappear
as Naions are extracte@nd the concentration deviates from 2/3, however they are
recovered in the fully discharged electrode, suggesting that sudbnslavacancy
ordering is preferred at x = 2/3 concentratibhough there is a possibility that the TM
charge ordering could exjsbut XRD cannot probe the charge ordering as theidmnd
have similar scattering intensities. Therefore, the superstructure observed is surely from
Na-ions vacancy orderinght x = 1/2 (Figure 4.3(b)), the ordering is changed from LZZ

to rows, where oneow of Na and two rows of Naarrange in the plane alternatively.
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When the concentration is reduced to 1/3, Na orders in rows on either Ng sites in

a single layer. However, the stacking faults alongctgis caused by P2 to O2 oxygen
framework #ift prevent us from finding peaks related to superstructures by the power
diffraction.’®® A more detailed study to shed Hig on the evolution of these
superstructures upon cycling is currently underway. This is the first time thainNa
ordering effects are reported and discussed jiNila,Mn,3]O,, though a lot of work has
been done on N&00O,, a thermoelectric oxide maial °* *°* Based on our calculation,

this ordering preference is essential during the electrochemical cycling and common for

all Na compounds.

4.3.4. Diffusion properties of Naion in P27 Nagys[Ni1sMn 2302

Noticing that Naions prefer different Wplane ordering at different Na
concentration, it is hypothesized that such a fastasedingement must require high-Na
ions mobility in the material. A NEB calculation is applied to furtherstihe activation
barrier in the NgNi12Mn,3]O,. The Naions diffusion paths of P2 (left) and O2 (right)
are shown irFigure 4.4(a). The path with the minimum energy in P2 strucisrpassing
through a shared face between two neighboured Na prisntasc Bor O2 structure, the
Naions have to cross the tetrahedron between two octahstieal by means of a
divacancy mechanisnf®. According to Figure 4.4(b), Naions need only around 170
meV to be activated in the diffusion process, when the concentration range is 1/3 < x <
2/3; this activation barrier is lower than half of its corresponding QBcompounds-®°.
In the P202 phase transformation region, the required energy increases to over 290 meV,

indicating a low hopping rate and slow 4de mobility. This big energy difference
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results from the distinct diffusion paths. It is evident that in P2 structure, the diffusion
path of Naions is more spacious than that in O2 structure leading to much lower
activation barrier. Once most of Nians are removed, thenergy barrier decreases back

to 250 meV due to the relatively small repulsion from neighboring ions in the dilute
concentration. In addition to the NEB calculation, GITT was performeddasure the
Na-ions mobility as a function of Na concentration Ma[Ni1sMnz3]O-, since it is
known to be more reliable to calculate the chemical diffusion coefficient, especially when
intrinsic kinetics of phase transformations are invoRfédFigure 4.4(c) shows the
variation of chemical diffusion coefficient of Nans (Dya) in Na(NiysMny3O;
determined from the GITT profiles. The minimwalueof Dy, is observed in 0 < x < 1/3,
where P2 to O2 phase transformation occurs. However, thanDthe solid solution
region (1/3 < x < 2/3) exhibits 7 x £0- 1 x 10" cn? se¢’, which is around 1 order of
magnitude higher than corresponding Li diffugivin O3 compounds, where Dis 3 x

10° ~ 2 x 10" cn? sec' *°® Both NEB calculation and GITT demonstrated thatities

diffusion in P2- Naz/S[Nil/gan/g]Oz is fast.

4.3.5. Electronic structural properties

To obtain the informatioron the oxidation sates of TM, the density of states
(DOS) of Ni and Mn3d orbitals in Ng[Ni1,2Mny3]O2 (x = 2/3, 1/3, 0) are calculated and
presented irFigure 4.5. Since the Ni and Mn ions sit in the octahedral site surrounded by
6 oxygen ions3d bandsof TM ions split into 4; and g bands. In the Ni DOS for pristine
materials (x = 2/3, black curve Figure 4.5 (a)), the energy levels of both spup and

spin down states in thegdorbitals are lower than the Fermi energy, indicating that;the t
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orbitals are fully occupied. Similarly, the spitown states of they®rbitals are also full
of electrons, since their energy levels are below the Fermi level. However, the energy
levels of spirup states in they@rbitals are above the Fermi level, indiogtino orbitals
are occupied. This electron configuration’e,>, by Ni DOS demonstrates the presence
of Ni?*in the pristine material. In the half -iletercalated state (x = 1/3, red curve in
Figure 4.5 (b)), the Ni DOS suggests that thg orbitals arestill completely occupied.
However the spitlown states ofggorbitals are separated into two peaks, where one peak
has lower energy than the Fermi level. This indicates that one of thd®pimg orbitals
is occupied leading to thegle," electron cofiguration, so the existence of Niis
confirmed at x = 1/3. After removing all Nans (x = 0, blue curve ifrigure 4.5 (c)),
most of the electrons in thg erbitals are removed as the energy levelsyafrbitals are
higher than the Fermi level. Howayghe DOS suggested that certain amount of the
electron density is still found iy erbitals. Based on our calculation,-lins are oxidized
to +3.5 at the end of the charge. On the other handioh® remain predominately at
tetravalent with fully occued bq orbitals and completely empty erbitals, independent
of the changes in Na concentrations (green curvEignre 4.5 (a), (b), and(c)). In
summary, our calculation illustrates the evolution of electronic structures in TM; when
Naions are gradubl extracted, Nions undergo the transition of Ni Ni®* - Ni*°*,
while Mn-ions stay at +4 valence state upon the whole cycling maintaining the structural
stability in the absence of Jafiieller active M.

In addition to the changes in transitiontalestates, our calculation also suggests
that Gions are involved in the redox reaction providing additional electrons anthef

charging process to keep the charge balance in the compeignded.6). The valence
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of O-ionsis investigated qualitately from the changeof spin distribution on O layein
Fig. 5.6 (a), part of theO layers of NgNi1sMny;3]O, supercell igepresented by the red
balls along with the adjacent TM slab. The corresponding spin densities in the pristine
and fully chargedmaterials are shown iRigure 4.6 (b) and(c), respectively. Though the
plane is cut through Qayer, the spin density of Ni and Mans can still be observed
partially. In the pristine materigik = 2/3, Figure 4.6 (b)), well bondedO 2p electrons can
be dearly observed, however, the shapelo2p electron clouds change significantly in
fully chargedphase (x=0), suggesting tbéviouschanges irO valence.Compared with
the dramatic changes around O, the electron densities abmdnare slightly increase
due to the charge Hieybridization around OThe above resultdemonstrat¢hat the extra
electrons which cannot be provided by Ni redox couplesmefrom O-ions during the
charging stageSimilar phenomena have also been proposed in sornenipounds ®®

170 Such phenomena are likely to attribute the low rate and poor cydisapiity at
extremely low Na concentratioRetailed study to reveal the evolution of atomic and

electronic structures of the TM upon cycling bysitu XAS is currently in progress.

4.3.6. Improved electrochemical properties o0P21 Nag/3[Ni1sMn 2502

The electrochemical properties of PNags[Ni1sMny3]O2 are shown inFigure
4.7. Cycling tests were carried out using differentaffitvoltages (4.5 V and 4.1 V), as
well as different @ates, C/100, C/20 and C/5. The cycling performances are
significantly affected by the P@2 phase transformation above 4.2 V. As shown in
Figure 4.7 (a), the voltage cudff at 4.1 V prevents the PQ2 phase transformation

avoiding the dramatic changes in oxygen framework of the host structure.*The 1
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discharge capatyi was 134 mAh g if the cutoff voltage is 4.5V, however the capacity
retention at the" discharge was 89%, and only 64% of capacity can be obtained after 10
cycles. However, theycling excluding the phase transformation region shows excellent
capaciy retentions at both C/20 and C/5. The capacity at ttdistharge was 87.8 mAh

g™ at C/20, which is corresponding to the insertion of 1/ddwa. 94.9% of capacity can

be retained after the B@ycle at the average voltage of 3.4 V vs/Na. In C/5cycling,

the F'discharge capacity was 81.85 mAh, gorresponding to 93% of capacity obtained

at C/20. The capacity retention after th&'59cle was 92% and the coulombic efficiency
reached higher than 96% during the 50 cycles. Since no battery Neadeetal is
commercially available, our Na anode contains a certain amount of impurities.
Nonetheless, the cathode still shows excellent capacity retentions during the cycling. The
rate capability is also significantly improved when excluding the phassfarmation
region Eigure 4.7 (b)). The electrode delivered 89.0 mAH gt C/20, 83.3 mAh §at

C/2, 75.7 mAh ¢ at 1C, corresponding to 85% of capacity at C/20 and 62.4 riAdt g

2C, 70% of capacity at C/2Based on the electrochemical performandesas been
demonstrated that the R2Nay[NisMny5]O, material in Naion batteries exhibits
excellent cycling stability and rate capability which are comparable-tonLbatteries.
Improvement on capacity beyond 100 mAhig P2 structure is podse with different

transition metals ratio and alkali metal substitution.

4.4.Conclusions
In summary, ambient temperature-Na batteries have the potential to meet the

requirements for largecale stationary energy storage sources as well as amatiterto
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Li-ion batteries due to the natural abundance and low cost of sodium. We prepared P2
Nap/3[Ni13Mn3]O2 with excellent cycling property and high rate capability as a cathode
material for Naion batteriesThe phase transformation from P2 to @24.22 V was
investigated by first principles formation energy calculation and confirmed by
synchrotron XRD. The specific Nans orderings were found at Na = 1/3 and 1/2, which
are corresponding to the voltage steps in the charging profile. Based torGBHiot
measurement and NEB calculation, the diffusivity ofiblas in P2 structure is indeed
higher than that in the corresponding O3 structured Li compounds. The electronic
structures have beestudied and DOS calculation suggested that oxygen partially
participates the redox reaction at the end of the electrochemical charge. Consequently, it
was demonstrated that the capacity retention of 95% after 50 cyelEsbe obtained by
excluding the PRO2 phase transformation and 85% of the reversible capamilg be
retained at a 1C ratén addition, asimple synthesis method can be used to prepare this
material without any special nasgale fabrication. Our study demonstrate that-P2
Nap/3[Ni1;sMny 5O, is a strong candidate for cathode in-ida batteriesfor largescale

energy storage.

Chapter4, in full, i's a reprint of -ioh he
batteries with high rate and exclkRhysicant
chemistry chemical physicRae Hoe Lee, Jing Xu, Y)nS. Meng, Physical chemistry
chemical physics 2013, 15, 3304. The dissertation author was-firexary investigator
and author of this papeill computationaparts were performed by the author except for

theexperimenparts.
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Figure4.2 (a) Synchrotron Xay diffraction patterns of NENi1/3Mny3]O, at different x
concentration during the 1st cycle and (right) enlarged XRD patterns of pristine, charged
to 3.5 V and fully discharged electrodes betwe®to B including dspacing, (b)
Changes in a and c lattice parameters, and (c) ChangesandNia site occupancies
upon the 1st cycle



52

VAN AV AV SAVAYSVAVAY:
AVAVAVAVAVAVAVARR'VAVAVAVAVAVA
LAV-VAVAVAVAV-NRAY, VAVAVAYAVAY:
VAVACAVAVAVAVARR VAVAVAVAVAV/
AV VAV VAV-NIIVAY. YAVAV-VAVAV/N

Figure4.3 In-planeNaionsordering of Na|Ni1sMn3]O- in the triangular latticéa) x
=2/3, (b) x=1/2, and(c) x = 1/3 (Blue balls: Naions on Nasites, pink balls: N@ons on
N& sites)



53

(a)

350

300 -
250 - o
1 P2

200 -
150 4

100 4

Activation Energy / meV <=

50 4

] o ©
] “‘39% o
o 1E9PO o @%’
2 To ‘%‘6@0 ©
o

1E-11; ©
Q£1E-121i %%0’2’ o oo
1E-13; © T &og °
e
06 05 04 03 02 01 0.0
xin Na [Ni, Mn_ 1O,

2/3

Figure4.4 (a) The diffusion paths of P2 (left) and O2 (rigki), Calculated activation
energy using NEB method, and (d)énicaldiffusion coefficientof Narions (Dyg) in
Na[Ni1;sMnz3]O, calculatedrom GITT as a @inction of the Na concentration



54

(a)

DOS

(b)

DOS

Figure4.5 The dectronic structures dfli 3d and Mn3d orbitals inNay[Ni 13Mn3]O, at
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Figure4.6 (a) Schematic illustration of the oxygen layer, (b) Calculated spin density
cuttingfrom oxygen layer at x = 3/ and (c) x =0
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Table4.1 Rietveld refinement results (lattice parameters, Na sites, dactéts)

PristineNag3[Ni 1/3Mn,3]O- Charged to 3.5 V Na[Ni13Mny;]O,
Space group: Bmm c Space group: Bmm c¢
Atom Site X y z Occ. Atom Site X y z Occ.
Ni 2a 0 0 0 1/3  Ni 2a 0 0 0 1/3
Mn  2a 0 0 0 2/13  Mn 2a 0 0 0 2/3
Na 2b 0 0 0.25 0.25 Na 2b 0 0 0.25 0.21

Nae 2d 2/3 1/3 0.25 043 Na 2d 2/3 1/3 025 0.27

@) 4f 1/3 2/3 008 2 O 4f 1/3 2/3 0.08 2

a=b=2.889A, c=11.149A a=b=2.874A c=11.208A

Rup=0.73%, Rs =4.42% Rwp =0.5%%, Rs = 6.24%

Charged to 4.0 \P2- Nal/g[Ni 1/3Mn2/3]02 Charged to 4.5 \Nao[Nl 1/3Mn2/3]02
Space group: Bmm c Space group: B3mc

Atom Site  x y Z Occ. Atom Site X y z Occ.

Ni 2a 0 0 0 1/3

Mn 2a 0 0 0 2/3

Na 2b 0 0 0.25 0.17 Profile matching

Nae 2d 2/3 1/3 0.25 0.17

o 4f 1/3 2/3 0.8 2

a=b=2.861A c=11.227A a=b=2.860A, c =9.081A

Rup=1.11%, Rs =5.7%% Rwp = 0.64%0, Rs = 0.2%%
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Table4.1 Rietveld refinement results (lattice parameters, Na sites, dadt&'s)

Continued
Discharged to 3.75 Wayg[Ni13Mny/3 02 Discharged to 3.4 Way3[Ni1,sMn,5]O,
Space group: Bmm ¢ Space group: Bmm c
Atom Site X y 4 Occ. Atom Site X y z Occ.
Ni 2a 0 0 0 1/3 Ni 2a 0 0 0 1/3
Mn  2a 0 0 0 2/13  Mn 2a 0 0 0 2/3
Na 2b 0 0 0.25 010 Ng 2b 0 0 0.25 0.18

Na. 2d 2/3 1/3 025 011 Na 2d 2/3 1/3 0.25 017

O] 4f 1/3 2/3 0.08 2 @) 4f 1/3 2/3  0.08 2

a=b=2.863A c=11260A a=b=2868A c=11.235A

Ruwp = 1.34%, Rs = 10.33%0 Rup =0.76%, Rs = 7.98%

Discharged t@.5V Nay;5[Ni1sMn, 5O,
Space group: Bmm c¢

Atom Site X y Z Occ.
Ni 2a 0 0 0 1/3
Mn 2a 0 0 0 2/3
Na 2b 0 0 0.25 025

Nae 2d 2/3 1/3 025 035

@) 4f 1/3 2/3 008 2

a=b=2.889A c=11147A

Rup =1.14%, Rs = 6.69%




Chapter 5. Identifying the Critical Role of Li Substitution in
P2i Nay[Li yNi,Mn1.,.;]O> (0 <X, y, z < 1) Intercalation Cathode Materials for High

Energy Na-ion Batteries

Li substituted layered RRlagsdLio 12Nip20MNeedO2 is investigated as an
advanced cathode material for & batteries. Both neutron diffraction and nuclear
magnetic resonance (NMR) spectroscopy @sed to elucidate the local stture and
they reveathat most of the Li ions are located in transition metal (TM) sites, preferably
surrounded by Mn ions. In ordéo characterize structural changes occurring upon
electrochemical cyclingn situ synchrotron Xray diffraction is condued. It is clearly
demonstrated that no significant phase transformation is observed up to 4.4 Vfeharge
this material unlike Li-free P2type Na cathodes. The presence of monovalent Li ions in
the TM layers allows more Na ions to reside in the prisrgates, stabilizing the overall
charge balance of the compound. Consequently, more Na ions remain in the compound
upon charge, the P2 structure is retained in the high voltage region and the phase
transformation is delayedx situ NMR is conducted on saptes at different states of
charge / discharg® track Ltion siteoccupationchangs. Surprisingly, Li is found to be
mobile- someLi ions migrate fronthe TM layer tothe Na layerat high voltage- yet this
processis highly reversible.Novel design pnciples for Na cathode materials are
proposed on the basis ofn atomistic level understanding of the underlying
electrochemical processe$hese principles enable us to devise an optimized, high
capacity, and structurally stabmpound as a potentiahthode material for high

energy Naon batteries.

58
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5.1. Introduction

The pressingdemang for economically accessible and environmentally benign
energy storage technologigslargescale applications are strong drivers for fundamental
research in ovel matkerials discoveryThough Lton batteries offer the highest energy
density among all secondary battery chemistries, concerns regétiign availability
and its rising costhave driven researchets investigate sustainable energfprage
alternatives In this light Naion battery systems have made a major comeback because
of the natural abundance and wide distribution of Na resources. Although Li andsNa
share many common features, such as similar valence states and outer shell
configurations, the various Na ropounds sedin batteries have demonstrated unique
characteristics resulting idifferent electrochemical performances. For example, layered
LiCrO; is electrochemically inactive towards-idn extraction, however, NaCgQran
work reversibly as a cathode irechargeable Nin batteies?® 2° Moreover, the
Ti(IV)/Ti(lll) redox couple in NaTizO; has shown a surprisingly low average voltage
(0.3V) in Naion batteries, which has never been obseruedany LiTiyO,-type
compound (x, y, z > 0Y'* "?*Therefore, i-depth insight into the Nin electrochemistry
is essential as Nimn intercalatiorprocesses exhibrany features in stark contrastlLie
ion electrochemistry.

Among most of the Na cathode compounds reported to date, Na layered oxides
with a P2 structurdNa,TMO, TM = Transition Metdl have drawn significant attention
Their layered structures are able to accommodate largensand providespacious
diffusion pabhs as well as structural stabilitfResearch on the structural properties of

NaTMO, st ar t ed iwith Delmas et 7aB'6*swho, by studying NaCoO,
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demonstrated that NBMO, compounds can be used as cathathterial$® However,
limited efforts have beedevoted to d-ion batterieoverthe past two decades due to the
tremendous success of-ion batteries. Recently, various R&,TMO, and their binary
or ternary derivatives, have been extensively investigated and some ofhthem
demonstrated superior electrochemical performané®s.Berthelot et al. have
reinvestigatedP2Na,Co0O, and demonstrated reversible battery performance between
0. 45 O Xith&s b&n $hown th®2NayNiysMn,3 O, used as cathode in Na
cells reversibly exchagesall of the Na ions,leading toa capacity of 160 mAh §
between 2.0 4.5 V3% 3Very recently, Yabuuchi et al. reported thatN&e1;Mn;/5]O,
deliversan exceptional initial capacityf 190 mAh ¢ betwveen 1.5 ~ 4.2 \° However,
all of these materials undergo at leastecor more phase transformations leading to
several voltage steps in theelectrochemical profiles. These transformations represent
major practical issuefor Na-ion batteries since theyreatly shorten cycle life and reduce
rate capabilities To address this issue, the Li substituted P2 compound
Nayg oLio 2Nig29MNng 750, was proposedby Kim et al. and displaye@ single smooth
voltage profile suggestinga solidsolution intercalation reactiod? This material
delivered 95 100 mAh @ of specific capacity in the vialge range of 2.04.2 V, and
demonstratedexcellent cycling and rate capabilitiel spite of these encouraging
improvements, it is still uncledrow phase transformations can be preventedvarat
the critical role of Liis in maintaining the P3&trucure

A comprehensive study on &g, [LiyNi,Mn1.y,]O> (0 < X, y, z < 1) materials
reported in this workSingle smooth voltage profiles are obtained in the voltage range of

2.0 ~ 4.4 V along with excellent rate and cycling performances. The crystefusg
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including the superlatticéormed by partial ordering of the LiNi, and Mn ionsis
characterizedisingboth X-ray powderdiffraction (XRD) and neutron powder diffraction
SinceNi and Mn have similar electron densitidise superlattice formed byrdering of

Ni and Mnatomsis difficult to be observe by X-ray measurementsleutron diffraction,
however, can distinguishetweenthese elements since the scattering lengththeir

most abundant natural isotope comparatively different: Ni = 10f@1, and Mn =3.73

fm. While longrange structural information is available from diffraction methods, magic
angle spinning (MAS) solidtate NMR provides detailed insight into the local
environments experienced by both active and electrochemically ieaicns in the
cathode, and can be applied to highly disordered systems. NMR characterisation of the
"Li local environments present in the pristine-R& gLi 0.12Nig 20VINo s O2 phase and at
different stages along the first electrochemical cycle enabldée dstermine both the
electrochemical role of Li in the electrode and the importance of Li substitution in P2
phase stabilisatiohe dructural evolutiorof the electrodeipon charg istracked byin

situ synchrotron XRD (SXRD). Xay absorption spectsoopy (XAS) is performed to
study charge compensation mechanisms. The critadal of Li substitution inphase
stabilizationis discussed, andovel design principledor this type of P2 materialsare

presented.

5.2. Experimental
The compounds were symi$ized using a eprecipitation techniquel M nitrates,
Ni(NO3)BH >0 (99%, Acros Organics) and Mn(N@tH .0 (98%, Acros Organics),

were titrated into a stoichiometric NaOH (Sigalrich) solution ata rate of 10 ml R.
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Co-precipitated TM(OH) wasthenfiltered using a centrifugavashed three times with
deionized water and then dried at 1%D for 12 h.Dried TM(OH), precursors were
ground with a stoichiometric amount of,CiO; (99.3%, Fisher scientific) and NaOs;
(anhydrous, 99.5%, Strem chemicals)ngsagate mortar and pestle for 30 mite-
calcination was performed at 56Q for 5 h in air The pwder was ground again and
pressed into pelletThe final calcination process was conducted at@éor 12 h in air.
The stoichiometry of the asyntheszed compound was determined by inductively
coupled plasmaptical emission spectroscopy (I€FES) and the formula of
N&p g7io.1Nip 20MNng 6602 (Nnormalized to Mn)was confirmedThe presence of excess Na
may be caused by a stoichiometric excess in thgQaprecursor added during the
synthesis.

Time of flight (TOF) powder neutron diffraction data were collected on the
POWGEN instrument at the Spallation Neutron Source (SNS) in the Oak Ridge National
Lab (ORNL). A vanadium container was filled with aroudd of powder and sent via
the maitin service to the SNS. Data were collected at a wavelength of 1.066 A to cover a
d-spacing range of 0i3.0 A. The histograms were refined using Rietveld refinement
with the GSAS softwaré”

All 'Li NMR experiments were performed at a maaimle spinning (MAS)
frequency of 60 kHz, using a Bruker 1.3 mm dotfgleonance HX probe and a recycle
delay of 20 ms’Li NMR chemial shifts were referenced against sélithCOs. Isotropic
shifts were extracted by using 2D adiabatic magic angle turning (aVfA@pd
projectionmagic angle turning phasdternating spinning sideband (#ATPASS)

experimentY’, which are adaptations of conventional MAT experim€&htsThe 2D
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aMAT experiment was performesh assynthesized RRlay gLig 12Nip20MngedO2 on a
Bruker Avance Ill 500 widdore spectrometer operating afLa Larmor frequency of
194.6 MHz.The sample temperature was regulated with a flow 0§&6 (273 K at a
flow rate of 1200 I/h) using a Brude BCU-X. Frequencyswept adiabatic pulses were
used to obtain a uniform excitation of the brdadl resonances in paramagnetic-P2
Nap gLig.12Nig22MngedO2. The aMAT spectrum was obtained using a train of six such
p tanh/tan short higipower adiabatic pulses (SHAPS) ** of length 50ns and sweep
width 5 MHz applied at an RF field amplitude of 357 kHz. 2EM#TPASS and rotor
synchronized 1D Hahn echo experiments onsyashesized and cycled P2
Nag gLio.1Nig22Mnged 0>, samples were recorded at room temperature on a Bruker
Avance Il 200 widebore spectrometer and afla Larmor frequency 0f77.9 MHz. pj
MATPASS and Hahn echo spectra were obtained ugin nonselectve pulses of
length 0.95ns at 260 kHz RF field. Each aMAT and-BJATPASS experiment took
between 8 and 13 hoursineshape analysis was carried out using the SOLA lineshape
simulation package within the Bruker Topspin softwamd dmfit'®*

High quality XRD patterns were continuously collectadransmission mode at
the X14A beamline of the National Synchrotron Light Source (NSLS) using a linear
position sensitive silicon detectoCustomized coirtells with holes on both sides and
coveredwith Kapton tape weresgdfor in-situ measuremeratt awavelengtrof 0.7784 A.
XRD patterns were collected between®4a8d 41.6i n 2& angles. The
time for each XRD scan was Iflinutes. Rietveld refinement of the XRD data was

carried out using the FullProf software package.

ol
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X-ray absorption spectroscopy experiments were performedheat X11B
beamlineof the National Synchrotron Light Source (NSLS) at Brookhaven national
laboratoy. Electrode samples were washed using battery grade diethylene carbonate
(DEC) 3 times. Higher harmonics in therXy beam were minimized by detuning the Si
(111) monochromator by 40% at the Nigdge (8333 eV) andtthe Mn K-edge (6539
eV). Transmissionspectra were collected along with a simultaneous spectrum on a
reference foil of metallic Ni and Mn tensureconsistent energy calibration. Energy
calibration was carried out using the first derivative of the spectra of the Ni and Mn metal
foils. The cata were analyzed and refined using the Iféffitand Horaé® packages.

Cathode electrodes were prepared by mixing 85 wt%g[Nia 1Nig 20MnNg 66 O2
with 10 wt% acetylene black (Strem chemicals) and 5 wt% pohfteoroethylene
(PTFE). Na metal (SigmaAldrich) was used as the counter electrode. 1M N4P®%6,
Stremchemicalsjlissolvedin a 2:1 mixture obattery grade DEC anethylene carbonate
(EC) (Novolyte) vas used as the electrolyte and the glass fiber Gfbatman) was
used as the separator. Swagelok type batteries were assembledrifilla glovebox
(H20 < 0.1 ppm) and tested on an Arbin battery cycler in galvanostatic mode.

5.3. Resultsand discussion
5.3.1Electrochemical performances of NggdLi 0.12Nio.22MN ¢ O>

The theoretical capacity of PRaggLigiNig2MnoedO2 is 118 mAh ¢*,
consideringhe Ni**/Ni** redox reaction associated wiltd4moles of Na ionsAs shown
in Figure5.1(a), the material exhibits 138Ah g* capacity after theSicharge, which is
15 mAh g¢' higher than the theoretical valugresumably due to electrolyte

decomposition and the formation of a solid electrolyte interpfiz8&rting from the %
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cycle, the electrochemical profiles of the subsequent 30 cycles almost completely overlap
and reveal that about 118Ah g* of specific capacity is obtained reversibly. Even up to
the 50" cycle, capacity retention is still as high as 91% without any optimization of the
electrodes via, for example, carbon coating, rsgale fabrication, and the use of
electrolyte additives. More importantly, the voltage profile displays a smooth curve
between 2.0 and 4.4 V for both charge and discharge, indicating that intercalation
proceeds via a sokligolution mechanism. Similar phenomena have been observed for the

compoundNay oLio aNio.29Mng7 by Kim et. al*®

On the contrary, it has been reported that
the structural analogué®?2 i Nag/gNi1sMny5)O,, displays multiple intermediate phases
and a phase transformation in the vg#tarange of 2.0 ~ 4.5 ¢ Therefore, it is
speculated that the presence of LN& sLi0.1Nip22MNg g O2 plays a crucial role in the
electrochemical reaction mechanism. We further investigatltiagion and effect of Li
substitution viain situ SXRD and ex situ NMR in later sections. Superior rate
performance has been obtained and is illustratddgare 5.1b). The electrodalelivers

105.6 mAh gat C/2, 101.5 mAh§at 1C, 84.9 mAh §at 2G corresponding to 72% of

the theoretical capacity, and 70.8 mAhajg 5C, 60% of the theoretical value.

5.3.2. Structural characterization by neutron diffraction and NMR spectroscopy
Long and shortrange  structural properties of -sgnthesized
Nag sdLio.1Nio.22MnNg 66 O2, such as the formation of superlattice structurestlaati-ion
local environments, were investigated us¥®RD, neutron diffraction andLi solid-state
NMR spectroscopyAll the XRD peaks (Figur&.2(a)) could be indexedsingthe s@ace

groupP6s/mmg¢ andresults fromrefinementarelistedin Table5.2. Figure5.3 (a) shows
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the neutron diffraction pattern along withe Rietveld refinementThe insetpresents a

magnified view of the 2:2.25 A regionand clearly demonstrates the prese of

superstructureThe Miller indices of the peaks indicating/Mn orderingonad 3a | 43 a
superl|l attice are (020), (021), (121), and
a b s evhen asing théd s ma | | hexagonal 0 mR&hmd. Prewious h ¢ el

work on LiNiy2Mn;,0, and NasNiysMn, 50, layered materials has denstrated that
Ni /Mn ordering in the TM layer cH¥n®be de
Therefore,afi | ar ge h e x aRfpafithd TH supelatted, witha3a | &3 a un
cell (where a is the cell pameter of the material with no cation ordering)used to fit
the diffraction pattern&” In this model, three differefftM positionsat (0, 0, 0), (1/3, 2/3,
0) and (1/3, 2/3, 1/2), are presemhe refined coordinas d all atoms, and their site
occupancies in the large hexagbmedel, are given in Tab.1. The inset of Figurg.3
(a) indicates that (020) and (021) peaks are preakinbughwe were not able to obtain a
good fit of their intensitiesThis indicates that there is Li/Ni/Mn ordering in the TM layer
but XRD is umable tocapture all the details even in the large hexagonalncetlel
Solid-state NMRexperimentswere thereforgperformedto investigate the sherange
structure
Li-ion local environments in the pristif®-Nag gLi ¢.12Nip.22MNng 6d O2 phase were
studed using’Li MAS NMR spectroscopy>Na MAS NMR experiments were also
performed and the results will be presented in a separate publicatiofLi Feeonance
frequency of a Li ion surrounded by®and M ions is mainly affected by the Fermi
contact hteraction specific to the TM configuration around the observed nuéeBsth

pseudecontact and quadrupolar contributions to fhé resonance frequency can be
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considered negligible compared to the much larger hyperfine interattiof$.A 2D
aMAT experiment was performed in orderrasolve the multiple resonances of fhe
sites The 2D spectrum is plotted in Figue3 (b) along with 1D projections frorfli
double adiabatic spin echo (DASE) experiment (top) and a sum projection of the
isotropic dimension (left). At least sevéri isotropic shifts are clearly observed at 5, 237,
577, 753, 1186, 1486 and around 1700 ppm in the F1 sum spectrum, and their
corresponding sideband manifolds are plotted on the right.
Based ora previous’Li NMR study of LiMnO5'*® we can assign the resonances
of Li; (ca. 1700 ppm), Li(1486 ppm)and Lk (1186 ppm) to Li sites in a honeycomb
like arrangement within the TMClayer. By analogy with ar results for LiMnO,-
Li(NiMn) 0502 A | i t-ehx auers s O 'hwee fuetheriassignsli to Li ions surrounded
by 6 nearest neighbour Mh and L to 5 Mri** and 1 Nf*. The 1D Hahn echo spectrum
collected on the pristine material (Figlsg) reveals that the Liresonance results from
the overlap of signals from two distinct €nvironments with isotropic shifts at ca. 1760
ppm and 1700 ppmnhomogeneous broadening of the aMAT spectrum, likely due to a
combination of Anisotropic Bulk Magnetic Susceptibility (ABMS) effects, temperature
gradients across the sample at 60 kHz MA®] structural disorder, leads to significant
broadening of the 1700 ppm peak, so as to inhibit the resolution of the neighbouring peak
at ca. 1760 ppmAb initio and experimentaligerived TM(O-)Li bond pathway
contributions forLi-ions in octahedral emonments in the TM@ layer are in good
agreement with these general trends and will be discussed in a future publication.
Cabana et al. have studied the T2/02 -esunhanged lyigANig3dVINge/O02

compound and following their findings we assign, (53 ppm and Lk (577 ppm)
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resonances to octahedratlistorted sites in the Na layEf’ A greater concentration of Ni
in the first coordination shell of §imay account for its lower shift compared to that of
Li4 (by analogy with related Li phaséy.

As the main lithium resonance in T2/02 ierchanged lgsNip33VINg /02
appears at 370 ppm we can assiga (237 ppm) and i (5 ppm) totetrahedrally
distorted sites in the Na layer, occurring as small defects in the ideal structure. The
difference in Glayer stacking (P2 vs. O2/T2) may account for the discrepancy in Li
shifts in the two materials. The relatively lowgland Li; hyperfine shifts can be
rationalised in terms of the smaller number of -OMLi connectivities associated with
tetrahedral Li, compared tedbordinate Li.

By taking slices along the F2 dimension of the aMAT spectrum {hght side
figure 5.3 (b)) we can observehé sideband patterns of all distinguishable Li
environments in PRaygdLio.1aNip20VINg g O2. Comparison of the F2 slices reveals a
sudden change in the anisotropy of the through space (dipolar) interaction between the Li
nucleus and neighbouring unparéefM d-electrons from Li to Li;. As observed
previously, for example in bEMnOs™® ions in the TMQ layer (L, Li; and L) are
expected to have an anisotropy with an opposite sign to ti@fn between TM layers
(Li4 and Li), confirming their assignments.

The relative population of the Li sitegas determined by integration of the 1D
Hahn echo spectrumAfter correcting for spirspin relaxation during the NMR pulse
sequencethe distibution of Li among the different local environments was found to be:
Li;: 73.5 %;Lio: 11 %;Liz 2 %; Lia: 5 %; Lis: 3 %; Lie: 5 %; Li7: 0.5 %, with an

estimated error below 5 %. Detailed information about Li sispecific transversal
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(spinspin) relaation times can be found in Table S6 (Supporting Informatién).
decrease in Li site population is observed in the aMAT spectrum as the concentration of
Ni in the first coordination shell increases. The occupation of Li environments with more
than two Ni rearest neighbours is probably too small for these environments to be seen
experimentally.

Both neutron diffraction andLi NMR data confirm our initial assumption
whereby L{ primarily occupies octahedral sites in the TM@yer (85% of LT ions are
presen in the TMQ layer according to NMR) and preferentially exchanges with?4 Ni
ion. The final Li/Ni/Mn distribution deviates from a simple honeycomb arrangement and
exhibits a small amount of Ni/Mn exchange within the TNEJer. ’Li NMR also shows

that alwut 15% of L{ ions can be found in T4 sites in the Na layer.

5.3.3. Structural evolution during chargemonitored by in situ synchrotron XRD

Phase transformations occurring uporribia extraction were monitoregsingin
situ SXRD. In Figure5.4 (a), selected sections of the SXRD patterns are shown together
with the pristine powdepattern at theébottom and the voltage profilen the right.
Refineda andc lattice parameters, which include the values found in the pristine material,
are presented in Fige 5.4 (b). Thein situscan was set to start at 3.43 V and end at 4.40
V. Comparison of the whole set of situ patterns to the pristine powder pattern reveals
that all of the major reflections corresponding to the P2 phase are clearly maintained,
which demonstrates that no significant phase transformation has occioee. of the
shifts inpeak positios are mainly due to lattice distortions induced byibla extraction

In particular,a gradual shift of the (100) peak towards the high angle end &vells
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upon chargein agreement with a decreasethe a lattice parameterSince thea lattice
parameter corresponds to TMM distances, oxidation of TMs upon charge leads to
slightly shorter distances between TM. On the other hdnd, abvious that th€004)

peak move towards the low angle endhtil the cell is chargedp to4.05V, suggesting

an expansion in c lattice parameter upon charge due to the increased electrostatic
repulsion between successive oxygen layers caused by the removal of NaNaons.
noticeable changm the position oftie (004) peakan be detected once the voltage has
reached 4.05 \Rietveld refinement suggests a slight decrease in c lattice parameter after
4.05 V chargeln the pristine material, Na ions occupy trigonal prismatic sites between
neighboring oxygen layers. Whesomeof the Na ionsareextracted during charge, TMO
slabs glide along the-la plane to avoid close oxyge&xygen contactsThere are two
possibledirections for these glidegrigure 5.4 (c) inset) resulting in a clos@packed
arrangement of neighboring oxygen layefSonsequently, stacking faults are formed
instead ofalong-rangeordered phas@ he presence of these stacking faulithin the P2
phase severely broadens (10l) peékg. (104) and (106)in the experimental SXRD
pattern™*" 18 1%1As shown in Figuré.4 (c), such broadening of the XRD pattern due to
stacking faults can be simulated usthg softwareCrystalDiffract for Windows 1.48%

193 Anincrease in the concentration of stacking faults results in a clear broadening of the
(104) and (106) peaksvhich is consistent with experimental observatidrigerefore, it

is believed that the concentration of stacking faults in timectsire progressively
increass as the material approaches the end of chg@4 V) and accounts for the
decrease in c lattice parameaétera large amount of Na iorieas beememoved from the

TMO. slabs. After one full cycle, complete recovery of thayered P2 structure is
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confirmed by the presence of sharp, widfined SXRD peaks dhe samepositionsas
those observed for the pristine structyfegure 5.5 (a)). The reasorfor this is the
alignment ofTM ions along thec axis of the P2 structure form trigonal prismatidNa
sites. Hence, when Na ions areimserted backnto the structure, stacking faultse

eliminated in such a way that Nan prismatic sites can be reconstaett

5.3.4.Li site changestudied by exsitu NMR

In Figure 5.6, 'Li 1D slices are extracted from 2D projecti\TPASS (p}
MATPASS) NMR spectra acquired at 200 MHz on -@sthesized P2
Nap gLig.12Nip22Mnged O, and at 4.1 V, 4.4 V charge, and 2 V discharge along the first
electrochemical cycleThese 1D slices revealdlposition of théLi isotropic shifts and
enable us to monitor changes'in local environments as a function of (dis)chariyete
that the intensity of the peaks in theNMATPASS isotropic row of the pristine material
(Figure5.6) do not match those @md in the aMAT F1 sum (Figu®3(b) spectrum of
the same compound as these projections do not contain quantitative information on the
population of the different Li sites.

While the’Li NMR spectra at 4.1 V charge and 2 V discharge look very similar to
the spectrum of the pristine sample, major changes in the relative occupation of Li local
environments occur between 4.1 and 4.4 V on charge. Li site occupations were monitored
as a function of cycling by integration of Hahn echo spectra recorded autrsdges of
the first cycle mentioned above, and after 5 electrochemical cycles (seesTabéow
and Figure5.7 of the Supporting Information). Contributions from individual Li sites

were scaled by a transverse relaxation factor accounting for taeofoSSMR signal
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intensity over the signal acquisition time. The Li content in each layer was obtained by
integration of ‘Li Hahn echo spectra recorded at the four stages of the first cycle
mentioned above, and after 5 electrochemical cycles and is expesssepercentage of
the total Li content in the pristine phadéhe Li stoichiometry decreases from 0.12 to
0.086 Li per formula unit upon initial charging to 4.1 V, mainly due to the loss of Li in
On and Ty sites in the Na layer, and, to a smaller extémtLi loss in the TMQ layer.
Between 4.1 and 4.4 V charge tHé NMR spectrum changes significantly. Most Li
present in TMQ layers moves to Na layers and only 5% of the total Li content in the
pristine sample is left in the TMQayer at the end of #énfirst charge. This result can be
rationalized usingn situ XRD data, which demonstrate the presence ofik¥®stacking
faults and octahedral (rather than prismatic) sites in the Na layer, inducing Li migration
from TMO, to Na layers or driven by Li migtion. It is difficult to say at this stage if
stacking faults enable Li migratiorgr conversely if Li-ion mobility facilitates the
formation of stacking fault8y the end of charge, most of the Li left in the cathode has
moved to @, Ty or other low oordination sites in the Na layer, giving rise to a sharp
endof-charge peak at ca. 100 ppm. The low hyperfine shift may indicaté*aidti
environment, since this cation is diamagnetic (low sfircanhfiguration) and will not
contribute to théLi Fermi contact shift.

An NMR and firstprinciples calculations study on @3Li (1-2x/3MN(2-53Nix]O2
by Grey et af** showed that the small amount of libns occupying octahedral sites in
TMO:;, layers participates in the electrochemistry of the cathode by moving spontaneously
to a Ty site in Li layers at low potentials, wh the four octahedral sites (three in the Li

layer and one in the TM layer) that share faces with thisif€ are vacant. A similar
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scenario may occur in Fag g[Lio.12Nip2dVINg ¢ O2, Whereby Li directly above a face
sharing Na drops into the spacet ley Na after the latter is removed during charge and
occupies a tetrahedral or trigonal site in the Na layer. This may give rise to a low
coordination Li environment, and, if Li is surrounded by a majority of diamagnetic Ni
ions, account for the 100 ppRMR resonance.

The Li stoichiometry of the sample, which dropped from 0.086 to 0.051 between
4.1 and 4.4 V charge, increases again to 0.086 by the end of the first discharge. The
spectrum at 2 V discharge is very similar to that of the pristine phaggesting the
reversibility of O2like stacking faults and of Li migration back to TM@yer sites upon
discharge. There is no significant change in total Li content between the end of the first
and of the fifth cycles, hence no more irreversible loss of the electrode after the first
cycle. The ratio of Li occupation of Na layer sites to that of TMifes is higher in the
pristine phase (ca. 0.08) than in the fully discharged sample (ca. 0.04) and suggests

higher reversibility of Li in théransitionmetal layer than in the Na layer.

5.3.5. Electronic and local structural changes by XAS

In order to investigate charge compensation mechanisms, XAS measurements
were conducted ahe Ni (8333 eV) and Mn Kedges (6539 eV) at different states of
charge ¢ee Figure 5.8(a) and 5.9@)). It is evident thatthe assynthesized
Nao.gLi 0.12Nio.22Mno.6gO2 compound predominantly consists of “Nand Mri*ions The
Ni K-edge absorptioshifts to a higher energy region when the electrode is charged to
4.1V, and noves further whenthe electrodés charged to 4.4 V. The energy shift tbe

4.4V charged electrode~3 eV, whichis larger than that ahe Ni** to Ni** shift (~2 eV)
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suggesting thathe oxidation state of Ni is close to Ni*° After the electrode is
discharged to 2.0 Mhe Ntions returnback totheir divalent state, demonstrating that the
Ni redox reaction is completely reversible tine Na-ion cell. In contrast to the Ni
XANES, Mn staydn its tetravalent statduringcharge and discharge (see g S4 (a)).
Based on the reversible capacity shown in Figure 1 (a), 0.44 moles-woh&ger
formula unit migrate upon cyclinglelivering 118 mAh g of capacity.This means that
all Ni?* ions present in the pristine phase are fully oxidized {6 tdibalance the overall
charge of the system.

Extended Xray absorption fine structure (EXAFS) spectra were further analyzed.
As shown in Figureb.8 (b), the Ni EXAFS clearly shows thathe NiO interatomic
distance, around 1.5 A in the pristine phase, deeseagon chargdue to the oxidation
of N¥*toNi*" The Ni T O wbrisbatkaaitirétial vaueby the end of the first
discharge, in good agreement with XANES results. On the other trebln EXAFS
does not shovany obviousc hanges in the MnT @®Bigureb.2(e) at o mi
The XAS prove that Ni is the only electrochemically active species and Mn maintains

the structural stability in the absence of Jalefier active MA".

5.3.6. The role of Li substitution inNag g[Li 9.12Nip.22VIN .66 O2

The sites substituted by Lin the assynthesizedNaggLig.1Nip24VINgegO2
compound were identified by using both NMR and neutron diffracAdthough asmall
amount of Li ions can be found in octahedralbordinated Na layer sites, presumably as
a result of Gtypedefects (ABCABC or ABAB oxygen st&ing'®), most Liions are not

stable in the large prismatic Na sitesdaoccupy TM sites.As expected, l-ions
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preferentially occupy TM sites with a high number of nearest neighbdtibtis (4, 5 or
6). This suggestthat they preferentially replace Niions in the TMQ layer, since the
monovalent L ion can reduce Hplare electrostatic repulsidmetweencations as well as
disrupt the cation orderings. As opposed tefree P2 cathodes, single smooth voltage
curves are obtained rather than dikp electrochemical profiles suggesting that no
significant structural changesccur during cycling.Rather than a R@®2 phase
transformationjn situ SXRD suggests the presence of locatiRe stacking faults at the
end of chargeThe presence of stacking faults has also been confioyea situNMR,
which reveals a fivdold increase in the occupation of octahedral Na layer sites by Li
between 4.1 and 4.4 V charge.

The effect of Li substitution upon the
was studied by charging tleell using constant current constant voltage (CC@Wull
all of the Na ions out (0.80 moles of s per formula unit) below 4.4 \#) order to
avoid electrolyte decompositioAfter all Naions were extracted from the structure, the
02 phase was clearly observedenx situXRD (Figure 5.5(b)), demonstratinghat the
P2 O2 phase transformation is delayed instead of being completely prevented. In other
words, the O2 phase forms inevitably once altibles are removed from the P2 phase.
Thereforethe main characteristics of Li substitution and their possibhseguences on
phase transformation can be summarized as followsions prefer to occupy
octahedrallycoordinated sites in the TMQayer with a high number of Mn nearest
neighbor atoms, concurrentifhe lower valence state of Li ions (monovaleatmpaed
to that of Niions (divalent) requiresmore Na ions to be inserted ihe assynthesized

materialin orderto maintain the overall charge balance of the compound. As a,result
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approximately 0.36 moles of Na ioaseleft in prismatic sites after 4.4 \harge, which

is enough to suppress the O2 phase transformation. Although Li ions in substituted TM
sites migrate to octahedral sitesto tetrahedral sites in the Na layer created by local
stacking faults the amount of Li in the TM layer in the cycledeefrode islargely
recoveredsuggesting that the migration of Li between octahedral sites in the Na layer
and in the TM layeis highly reversible. We note that a fraction of Li is lost on tffe 1
cycle but that little seems to be lost in subsequent sycléhe excellent reversibility of

Li migration of the remaining Li in this compound may account for its excellent capacity

retention and its single smooth voltage curves throughout the whole cycling process.

5.3.7 Material design principles and NagdLi 0.0Nio.3:MNo.6]O02

In order to achieve both high energy density astductural stability the
stoichiometry of Li substituted P2 type cathodes be further optimized. The above
discussion, which focused on the crystallographic and electronic struchaabes
occurring upon cycling NajfLi 0.1 Nio 22Mno g O2, has led to the identification of several
key conditions which need to be fulfilled for good electrochemical performance in P2
type cathoded-ere, we propose novel principles for the design oftipeselectrodes to
obtain higter energy density cathodweaterialswith stoichiometry NgLiyNi,Mny.y.;]O>
(0 <x,y, z<1). First, an increaseNa&ion concentration in the structurerequired to
deliver higher energy density and to maintain the P&sehup to the end of charge.
However, Na concentration in the-ggnthesized material cannot be higher than 0.9 per
formula unitif the extremely unfavorable simultaneous occupancy of neaegghbor

Na sites in the P2 structure is to be preverited® 1*’Second, aigh proportion of Ni-
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ionsin the TM layeris essential to provide enough electreimsthe oxidation of Ni' to

Ni** for high voltage electrochemical processes. Third, the Ni to Mn ratio sigrifican
affects the phase of the synthesized product. The highest ratio we can achieve is 1:2, and
a further increase in Non concentration leads to the formation of impurities including
transition metal oxides, or O3 phases. Fourth, overall charge balative compound

has to be taken into accourthe algebraicrelationship between the x, y and z

stoichiometric factors in tha,[Li Ni,Mn.,.,]O> formula is given by

X+y+2xz+4x(1iy-2z)=2x%x2 (eq.5.1)
x<0.9 (eq 5.2)
1iyi z=2xz (eq 5.3)
O<x,y,z<1 (eq 54)

We suggest an optimum composition which fulfills all of the above conditions, in
which x = 3 - 7z, y=1 - 3z, and 0.3< z < 0.33 A novel composition,
Nao.gqLi 0.0MNio.31MNos]O2, is finally obtaned, which can deliver 14nAh g* of
reversible capacityn the voltage range of 2.0 ~ 4.4(¥igure5.10. The stoichiometry
was confirmed by ICP. As expected, no significant phase transformation was observed
upon cycling based on our preliminarysitu XRD studiesgexcept fora slight change in
the voltage curveshownrepeatedly in the high voltage region. This change mayhde
result of the formation of intermediate phases througlioNardering*** **°An in-depth

study of Naion ordering this family of materials is currently in progress.

5.4Conclusions
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An in-depth understanding of the interplay between structural properties and
electrochemical performances required to improve the performances of-iNa
bateries. In this worka promising Na cathode material, &g g[Li 9.12Nio.22MNg 6 O2,
has beercomprehensively studiegsing neutron diffraction/’Li solid-state MASNMR,
in situ SXRD and XAS Most of the substituted Lions occupyTM siteswith a high
number of nearesteighbor Mn ions (4, 5 or 6p result confirmedoy both neutron
diffraction and NMR. Enhanced electrochemical properties, among which improved
cycling performanceand rate capability, are obtainatbng with single smooth voltage
profiles In contrasto most of the P2ype cathodeseported so farn situ SXRD proves
that thefrequently observed P@2 phase transformation is inhibit@uthis Li-substituted
materialeven wherthe electrodes charged to 4.4 V. On the other hand, the D2
phase change is clearly observed whemfahe Na ions are extracted from the structure
under CCCV charg. Based ontheseobservations, Li substitution in the TM layer
enablesenough Na ions to be left in the structure to maintain the P2 strugtuoedud V
charge. Although Lions migrate to octahedral or, to a lesser extent, to low coordination
sites in the Na laydormed by local stacking faults during the charging process, most of
them return to the TM layer after dischard@S resultsshowthat N#*/Ni** is the only
active redox couple during cycling Finally, an optimum composition,

Nap sqLio.0MNio.3:1MNo 6O, has been proposed on the badithe design principles for
Na-ion cathode elucidated as part of this sfumyenng up new perspedves for further
exploration of high energy Nian batteries.

Chapter5, in full, is a reprint of thefil denti fying the Crit

Substitution in PENa[LiyNi;Mn1.y.,]O, (0 < X, y, z < 1) Intercalation Cathode Materials
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Figure 5.6lsotropic slices ofLi pj-MATPASS NMR spectra acquired at 200 MHz on as
synthesized RRlay gLio.12Nip20VINg 6gd O2 and at three different stages along the first
electrochemical cyclgj-MATPASS experiments we performed using a train of five

non-selective

content in the sample at each stage of the cycle.

pulses. The spectra have not been scaled to represent the total Li
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Figure5.7 1D ’Li Hahn echo spectra recorded ofsysthesized
Na()&)[l_l 0_12Ni0_22M no_ea]OQ and N&)g)[l_l 0_12Nio_22Mn0_65]02 charged to4.1 V, 4.4 V,
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Figure5.10Electrochemical profiles for Nag[Li 0.07Nio3:Mno.e]O2 in the voltage range
of 2.0 ~ 4.4 Vat the £ 3 and %" cycle
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Table5.1 Parameters and reliability factors aioted by the Rietveld refinement of
neutron diffraction for asynthesized RRlag g[Li g.12\ig.22VINg 64 O2

P2-Nay gLi g.1Nig.22MNg 64 O

Space groupP6; (large hexagonal)

Atom Site X y z occ
Mn (1) 2a 0 0 0 0.935
Li (1) 2a 0 0 0 0.065
Ni 2b 1/3 2/3 0 0.660
Li (2) 2b 1/3 2/3 0 0.295
Mn (2) 2b 1/3 2/3 0 0.045
Mn (3) 2b 1/3 2/3 1/2 1.000
O(1) 6¢ 2/3 0 -0.418 3.000
0(2) 6¢ 0 0 0.395 3.000
Na (1) 2a 0 0 1/4 0.300
Nae(2) 6¢ 1/3 0 1/4 1.500
N& (3) 2b 1/3 2/3 1/4 0.300
Na (4) 2b 213 1/3 1/4 0.300

a=b=4996 A, c=11.040 A
Rwp = 8.6%, R = 10.1%
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Table5.2 Parameters and reliability factors obtained by the Rietveld refinemeitaf
diffraction forassynthesized RRlag gLio.1Nip.22VINg 6¢ O2

P2Nay Li 0.1Nio.20MN 66 O
Space grop: P6;/mmc

Atom Site X y z Occ.
Ni 2a 0 0 0 0.22
Mn 2a 0 0 0 0.66
Li 2a 0 0 0 0.12
) Af 1/3 2/3 0.0784 2.00
Na 2b 0 0 0.25 0.27
Nae 2d 1/3 2/3 0.75 0.45

a=b=2.885(2)A c=11.016(2) A
Rwp = 2.74%, R = 8.01%
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Table5.3 Distribution of Li-ions between TM@and Na layer sites.

Site Pristine 4.1V charge 4.4V charge 2V discharge After5 cycles
TM layer 85 68 5 67 63
Na layer 15 4 38 5 8

Total 100 72 43 72 71




Chapter 6. Breaking through the limitation of energy / power densi for Na-ion

battery cathodes

A new O3- Nag 7d-i0.19Nip 29VINg 580y IS prepared as the cathode material for Na
ion batteries, delivering exceptionally high capacity and energy density. The Simgge
profile and ex situ synchrotron XRD demonstrate that phase transformation is
happened, which is the first time to observe ingb8ctured Na electrode materials?Ni
/ Ni*" is suggested to be the main redox center. More optimizations could be realized by
tuning the combination and ratio of transitioetads.
6.1. Introduction

Naion batteries have recently gained increasing recognition as intriguing
candidates for nexgeneration large scale energy storage systems, owing to significant
cost advantages stemming from the high natural abundance and lstoidaditcbn of Na
resources. Although N@an battery materials are not comparable with thehiohi
counterparts which are one of the dominating energy technologies in this decade, there
are studies suggesting that-ia systems should not be discarded.particular, Naion
batteries operating at room temperature could be suitable for applications where specific
volumetric and gravimetric energy density requirements are not as stringent as in EVs,
namely in elegical grid storage of intermittent energy produced via renewable sdurces.
This would also contribute to significant reduction of the costs connected to the use of
renewable sources, which could then penetrate the energy market more easily and make

Na-ion technology complementary to-ldn batteries for stationary storage.
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For the past several years, a variety of novel materials have been explored as
electrodes for Na@on batteries. Since Na ion has a relatively larger ionic radius than that
of the Li ion, materials with an open framework are required for facil®@hasertion /
extraction. Following this strategy, many breakthroughs in cathode materials have been
achieved, such as layered and polyanion compotidssong most of the Na cathode
compounds reported to dateet2 and O3 structured Na oxides (NdO, TM =
Transition Metal) have drawn significant attentions, since their relatively opened
structures are able to accommodate large Na ions providing spacious diffusion path as
well as the structural stability. Thesearch on the structural properties of TNO, was
started i n 708 Recdntly, vidieus mBagTMQe,tand ahleir hinary or
ternary derivatives, have been extensively investigated and some of themsttated
superior electrochemical performanée§However, compared with P2 structures, O3
structured materials have shown relatively small progress. For exampleDNa@s
investigated by Komabet al, and showed 120 mAh/g of specific capacity near 2°¢°V.

The O3NaNipsMnpsO, electrodes delivered 105 mAh/g at 1C (240 mA/g) and 125
mAh/g at C/30 (8 mA/g) in the voltagenge of 2.2- 3.8 V and displayed 75% of the
capacity after 50 cycles® The Fesubstituted O3Na[NiysFe;sMnysO, exhibited the

specific capacity of 100 mAh/g with average operating voltage at 2.75 TWe
isostructural compound, Na[MNMny3C0130,, showed reversible intercalation of 0.5
Na-ions leading to thepecific capacity of 120 mAh/g in the voltage range of-2075

V.*2 These relatively low capacity and limited cycling retention aesymably due to the

fact that most of these materials wundergo

P3, P63 and t he’iThésé ttaBsforrnations eoald ke ione ®f the .major
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problems that lintithe practical uses of Nan batteries since it deteriorates the cycle life

and rate capabilities. H eerxeciens,s 0t 00 3 0 vceorntpoom
prepared through ENa ion exchange, inspired by the idea inidn batteries that Li

excess OZompound has been demonstrated single slope voltage profile with significant

improvement in capacity and cycling retention for Li layered electrbdes.

6.2. Experimental

A coprecipitation followed by two steps cadation was used for the synthesis of
the O3 type Liexcess layered oxidé%Transition metal (TM) nitrates, Ni(N§6H -0
(ARCROS, 99%), and Mn(NAH ,0 (Alfa Aesar, 98%) were dissolved into deionized
water tlen titrated into LiIOHH,O (Fisher) solution. The coprecipitated TM hydroxides
were then yltered using vacuum yltration a
The collected TM hydroxides were dried in an oven at 180€ for 10 h in air. The dried
TM precursors were then mixeslith a stoichiometric amount of LIOHHO (Fisher)
corresponding to the amount of TM(QHom the coprecipitation step. This mixture was
ground for 30 min to ensure adequate mixing and then placed into a furnace at 480€C for
12 h. The precalcinated powdevere then calcinated at 900 € for 12 h in air.

Cathodes of aprepared O3 type Léxcess layered oxides were prepared by
mixing the active material with 10 wt % Super P carbon (TIMCAL) and 10 wt %
poly(vinylidene fluoride) (PVDF) in Nmethylpyrrolidone(NMP) solution. The slurry
was cast onto an Al foil using a doctor blade and dried in a vacuum oven overnight at

80 €. The electrode discs were punched and dried again at 80 € for 6 h before storing
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them in an argon filled glovebox ¢B level < 1 ppm). Men, the O3 type Naxcess
layered oxides was prepared by -exchange. For example, the; kidNio3Mnose 0w
electrode which contains more lithium (y > 0.6) was charged with cut off voltage at 4.8 V
(vs.Li metal, using 1M LiP§ 1:1 EC:DMC) and dischardewith cut off voltage 1.5 V
(vs.Na metal, using 1M NaRF 1:1 EC:DEC), thus O3 type Blg.io.14Nio3Mng 560w
electrode which contains more sodium (x > 0.6) electrode was obtained.

Electrochemical properties were measured on an Arbin battery cycler in
gdvanostatic mode between 4.2 and 1.5 V. The 2016 coin cells were prepared in the
Argon filled glovebox (HO < 0.1 ppm) using sodium metal ribbon as an anode and a 1
M NaPFK in a 1:1 ethylene carbonate/diethyl carbonate (EC:DEC) electrolyte solution.
Glassfiber D separators were used as the separator. For full cell: Electrochemical
properties were measured on an Arbin battery cycler in galvanostatic mode between 4.2
and 1 V. The 2032 coin cells were prepared in the Argon filled glovebgX €-D.1 ppm)
using SnS/rGO as an anode and a 1 M NagRR a 1:1 ethylene carbonate/diethyl
carbonate (EC:DEC) electrolyte solution. Glass fiber D separators were used as the
separator. The cycled samples were recovered by disassembling cycled batteries in the
same argoifilled glovebox. The cathode was washed with DMC 3 times and then
allowed to dry in argon atmosphere overnight.

XAS measurements were carried out at the PA8D bending magnet beamline
(20-BM) of the Advanced Photon Source. Measurements at the Ni and-Mdde were
performed in the transmission mode at room temperature using gas ionization chambers
to monitor the incident and transmittedray intensities. A third ionization chamber was

used in conjunction with Mn / Nil standards to provide internal dafation for the



97

alignment of the edge position. Monochromatic Xay s wer e obt aekined wus
Si (111) double crystal monochromator. Energy calibration was carried out using the first
derivative of the spectra of the Ni and Mn metal foils. The detee analyzed and
refined using the Ifeffit* and Hora&? packages.

The samples for XRD were obtained by disassembling cycled batteries in an
argonfilled glovebox. The cathode was washed by battery grade dimesiigbnate
(DMC) 3 times and dried. The cathode film was sliced into thin pieces and mounted in
the hermitically sealed capillary tubes for-gt®u XRD. Powder diffractions of all
samples were taken using synchrotron XRD at the Advanced Photon SourceatAPS)
Argonne National Laboratory (ANL) on beamline-BIM (& = 0. 459 ) . Tl
uses a sagittal focusedrdy beam with a high precision diffractometer circle and perfect
Si(111) crystal analyzer detection for high sensitivity and resolution. XRDrpaitteere

analyzed by Rietveld refinement method using FullProf softiare.

6.3 Results and Discussion
The Li;.13Nip.3MnNg 56702 was synthesized by heating a mixturd.gdHH ,O and
Nig.34dMNo 654 OH),. The obtained LiisdNigsMng 5602 was firstly charged inhie Li half
cell to extract Li ions and then discharged in the Na half cell to preparé O3
Nap 71d-10.07Ni0.3MNo 560w (Figure6.1) To achieve higher capacity, the ratio among Li,
Ni and Mn was further adjusted and the compositiongddNig 29Mng 55802 was finally
chosen, which improved the initial Niasertion capacity from 220 mAh/g to 240 mAh/g.
Figure6.2(a)i | l ustrates the electrochemical prof

extraction) a nextracfios)opdoceases fornl@Nip ¢NNassO.. The
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stoichiometry for the iorexchanged material isal7dlio.1dNig 25MNg 580w, as determined

by the electrochemical capacity and enedggpersive Xray spectroscopy. The -as
preparedNag 7elio 1dNip 29MNo 580w has particle size less th&®0 nm, retaining same
morphology with it parent material, LdigMNip29VINgss2. (Figure 6.3) The cycling
performance is tested between 1.5 and 4.2 V with current density at 125 mA/g. After 30
cycles, around 19@nAh/g capacity is well maitained as shownm Figure 6.2(b) With

1.25 Alg current, the reversible capacity is still as high as 160 mAh/g, suggesting its
high-power capability. (Figuré.4) Figure6.2(c) compares capacity and energy density
for most of the recent cathodes in-ida batteries (highst reversible value is selected.)
The Nay 7dio.1dNi0 29MNo 5880, exhibits not only the highest capacity but also the highest
energy density: 675 Wh/kg energy density is delivered by this materials during discharge,
which is even higher than LiFeR@60 Wh/kg) and LiCoQ (560 Wh/kg) in Ltion
batteries?® More interestingly, as displayed in the inseE@fure6.2(b), no voltage stepts

are seen in the electrochemical profiles upon cycling. It indicates the no phase
transformations happen for this O3 material even after all the Na ions are extracted.
Besides, the voltage depression problem which is usually observed in its parent material,
Liz16MNio2Mngssd0, in Li-ion batteries,’ is reduced to some degree in this -ion
exchanged product in Nan batteries.

The synchrotron »ay Diffraction (SXRD) was conducted at selected states to
detect the structural change. (Figuré.5(a) The refined lattice parameters were
summarized at Tabl&.1l. As shown with the black line ifrigure 6.5(a) the as
synthesized material, LisNio 29MNg 58402, is well crystallized and can be indexed as R

3m space gup. The diffraction pattern illustrates typicatéxcess features, which have
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been discussed by our previous wbrlafter initial delithiation (red line ifFigure6.5(a),

the c lattice is slightly increased’dble 6.1) due to less screening effect between
neighbored oxygen layers when Li ions are mostly removed from thé®idsan iniial
sodiation (green line ifFigure 6.5(a), the whole spectrum is significantly shifted to
lower angle, such as (003) and (110) peak. The shift is resulted from the overall lattice
expansion, as the inserted Na ions have much large ionic size thansLiHeak
broadening is observed, which is probably ascribed to the stacking faults introduced
during initial sodiation. More work is undergoing to comprehensively investigate this
process. It should be noted that although the diffraction peaks are moteuayslly,

all the peaks still belong to-Bm space group, in other words, O3 phasgure6.5(b),
proving that there is no change in the host structure duringxohange process. To
further monitor the electrode structural change upon cycling ibatteries, two esitu
samples were characterized. When the electrode is charged to 4.2 V (pinkHigarm
6.5(a), the material is still maintained at O3 structure though the majority of Na ions are
removed as suggested by charging capacity. Thishé first time that phase
transformation is prohibited for O3 cathode materials indwabatteries even after most

of Na ions leave the host. Comparing with the material after initial sodiation, it is
interesting to notice the (003) peak is moved to higimgle, indicating that c lattice is
reduced at this state. All the peaks positions are close to those of the material after initial
delithiation. Since it has been reported that irextess materials, Li in tetrahedral sites
are created after first chad '®it is hypothesized that the tetrahedral Li would form
similarly in our initial delithiation process as showrFigure6.5(c) These tetrahedral Li

ions play a critical role in stabilizing the O3 phasew@bsequent cycles by locking the
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neighbored layer shifting. When the electrode is discharged to 1.5 V (blue kingune
6.5(a), the spectrum is back to the similar positions with the material after initial
sodiation, suggesting that the Na ions aranserted back reversibility. And most
importantly, the O3 phase is still well maintained.

In order to investigate the charge compensation mechanism duringndla
extraction and insertionX-ray absorption spectroscopyXAS) measurements were
conductedwith Ni and Mn K-edges at different state of charge. Normalized Ni and Mn
K-edge Xray absorption near edge structure (XANES) gpeate shown ifrigure6.6(a)
and (b), respectively. For the standards, Niekge spectra of dalent Niion (NiO) and
Mn K-edgespectra of tetravalent Mion (MnG,) are included. It is evident that-as
synthesized.i1.16Nio.29MNg 5580, compound predominantly consists of’Nand M.
Obvious changes arghownin the Ni XANES spectra upon thiaitial delithiation,
sodiation, anddllowed charge and discharggocess The Ni K-edge absorption energy
of initially delithiatedelectrode shifts to the higher energy region compared to tlest of
synthesizedstate. The amount of absorption energy shift is ~3 eV, suggesting that
oxidationstate of Niafter initial delithiationis close to Ni*.'” After initial sodiation the
oxidation state oNi ions returis backto divalent The similar edge shift and recover are
seen again between 4.2 V and 1.5 \‘sén electrode samplesuggesting that the
Ni?*/Ni** redox reaction is completely reversible in-l9a batteries In contrast to the Ni
XANES, Mn K-edge XANES showthat Mn ions mainly stay at tetravalent state aad
dramaticchangesare occurredn the valence upon the charge and discharge. Based on
the Ni and Mn XANES, it is proved that Ni is the only electrochemically active species

and Mn supports the structurahbility in the absence of Jafireller active MA*. More
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details on local structural change are revealed byegtended Xray absorption fine
structure (EXAFS) spectraFigure 6.6(c) and (d)) Ni EXAFS clearly shows that
interatomic distanceof Ni-O andNi-TM are shortenedafter the initial delithiation and
after thechargein Naion batteriesjndicating that the oxidation of Ni iong&fter initial
sodiation the interatomic distances are systematically larger than thgnéisesized state,
resulted fromlattice expansion wheNa ions are inserted. However, Mn EXAFS does
not show any significant changes in the -Knnteratomic distance, although the second
shell corresponding to MM distance is varied with different voltages. This is ascribed
to the chages in the Ni oxidation states, which accordingly affect the distance among
neighbored MrNi.

To evaluate the practical application W&y 7dlio.1dNio29MNg 58402, the full cell
was fabricated with Ngydlio 1d\io29MnNgssOw as cathodeand Sng / rGO asanode.
(Figure 6.7(a)) The anode is reported by our previous work betdra. our full cell
configuration, both cathode material and anode material are casted on Al current collector,
which will further reduce the cost and weight of Na ion battery. Bygihg, Na ions are
extracted from the cathode and inserted into the anode. During discharge, Na ions are
transferred reversely. By this process, the energy storage and released revagsitgy.
6.7(b) represents voltage profiles of the full cell whiclowsis a discharge capacity of
~210 mAh/ g (capacity based on cathode weighi)e overall capacity of Na full cell
using our advanced cathode and anode is able to achieve 17% gn@&lnsidering the
weight of cathode and anode materials). The operatiahalige voltage is 2.5 V. As a
result, the total energy density for this Na full cell is as high as 430 Wh / kg, which is to

our best knowledge the highest energy so far reported for Na full cells. Furthermore, the
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capacity is well maintained for this Nallficell. As shown inFigure 6.7(c), after 50
cycles, more than 165 mAh/g is delivered reversibly.

In fact, the iorexchanged electrode performance could be further adjusted by
mixing with other TM, such as Co. As shownFigure6.8(a), if the parent Li compound
is designed with Co in the stoichiometry as iiNip 16dVINgsC 1602, the discharged
capacity is further increased to 245 mAh/g. In addition, direct synthesis could be realized
as seen irFigure 6.8(b). The directly obtained material, Nalgs/ 00 26/Ni0.26MNp 402,
has demonstrated pure O3 phase, and its electrochemical properties are under

development now.

6.4 Conclusion

In conclusion, a new O3 Nag7dio1dNip29VINgssOy IS oObtained by the
electrochemical Ndi ion exchange process of ilis7Nig 29MNg 5840,. The new material
shows exceptionally high discharge capacity of 240 mAh/g in the voltage range of 1.5
4.5 V, thus the total energy density at the materials level re&atte®Vh/kg.lIt is the
highest capacity as well as highest energysigrso far among all the reported cathodes
in Naion batteries. When cycled between-4.2 V, the discharge capacity is well
maintained around 190 mAh/g after 30 cycles. The O3 phase is kept through ion
exchange and cycling process, as confirmed by SXRB.stabilized O3 phase could be
related to the tetrahedral Li formed upon initial lithiation, and breaks through the critical
limitation for most O3 compounds. XAS results show th&t/Ni** is the main active
redox couple during cycling while Mn iongs$ically stay at tetravalent state. The Na full

cell utilizing Nag 7d-i0.1Nio.29VINg 580w @s cathode delivers 430 Wh / kg energy density.
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Future improvement could be realized through further tuning the combination and ratio
among TMs, and making the magrby direct synthesis is under development, which
would be reported very soon.

Chapter 6, in full, is currently being prepared for publication of the material
fiBreaking through the limitation of O3 compounds as promising cathode foonNa
batteries. The dissertation author was the primary investigator and author of this paper.
All the SXRD and XAS were collected and analyzed by author, and the papeites

by the author.
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Figure6.3 SEM images for asynthesizedNay 7d-i0.1Nio.29VINg 58405.
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Table6.1 Refined lattice paramess for Li; 16Nio29ViNg 5840, and
Nag 7di0.1dNip.29VINg 580,y at differentstates.

a(h) c (A
st .
1 discharge 2.9343 16.2007
st
1 charge 2.8484 14.4783
Initial Sodiation
2.9316 16.0590
Initial Delithiation
2.8485 14.3886
As-synthesized
2.8643 14.2588




Chapter 7. Understanding Na,TizO7 asan ultra-low voltage anode material for Na-

ion battery

A comprehensive understandinf Na,TizO; as an anode for Nian bateries is
reported.Theelectrochemical performance is significantly enhanced with carbon coating,
as a result of increased electronic conductivity and redsckd electrolyte interphase
formation Ti** reduction upon discharge is demonstrated bygitin XAS. The sel
relaxationbehaviourof fully intercalated phase is revealddr the first time due to its

structural instability

7.1. Introduction

Naion batteries have recently gained increased recognition as intriguing
candidates for nexgenerationlarge scale energy storage systestemmingfrom the
naturalabundance and broad distribution of Na resources. Alththegenergy density of
Na-ion batteryis not as high aghat of Lrion battery,which is one of themost
dominating energy technologi@s this decade, there are studies suggesting thabriNa
systems should not be discard@d!®®In particular, Naion batteries operating at room
temperature could be suitable for applications where specifienatiic and gravimetric
energy density requirements are not as stringent as in EVs, namely in electrical grid
storage of intermittent energy produced via renewable sourdéss would also
contribute to a significant reductiom the costs connected to the use of renewable
sources, which could then penetrate the energy market more easily and miake Na

techndogy complementary to Lion batteries for stationary storagé? *%°
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For the past several years, a variety of novel materials have been explored as
electrode materials for Nan batteries. Since Nian has aelatively larger ionic radius
than Liion, materials with an open framework gmeferredfor facile Naion insertion /
extraction. Following this strategy, many breakthroughs in cathode materials have been
achieved such as layered and polyanion compoufid8°However, the development of
suitable anode materials for fan batteries remains a considerable chall€AgF.
Graphite cannot be used aisode since it is unble to intercalate Naon revesibly.”® "
Metallic Na is also ruled oubecausat forms dendriteeasilyand has @& evenlower
melting point than Li. Hard carbons shown to insert and dasert Na ions, deliering
capacities about 20800mAh g *.”*®" However, the reversibility for carbonaceous
materials still requires further improvemé&ft®® Na-alloys are proposed as possible
alternative, asthey can poteiully provide higher specific capacitiés®® These alloys,
however, suffer from large volume changg®n uptake / removal of Nay analogy to
Li-alloys®® Another emerging class of materialstiansition metal oxideszor example,
NaVO; is shown to yielda reversiblecapacity (e.g. <13Ah g ) at C/100current rate
but its operatig voltage isat 1.5V vs. Na'/Na, leading toa low energy densit’. Ti-
based oxides are suggested to be an attractive aermainsidering thatisTisO;2 is
one of the few commercialized anode materials kiohi battery’™ 2 Several different
sodium titanates have been explored as anodes fiorNbattery’*®” Among them,a
study by Palaai et. al. demonstrated that the layered oxidgl'iN@; could reversibly
exchange Nions with the lowest voltage ever reported for an oxide insertion elecftode.
The ultra low voltage and intrinsic high reversibility of this material make it a strong

anode candidatéor Na-ion battery.Very recently, the same group identified the fully
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intercalated phase, WE3O7;, and providedadditionalinsight on thelow intercalation
potential of this materialysing DFT calculations” However,more work is still required
to closely connect the fundamental properties withe battery performancend to

systematically evaluate whether it can be a viable anode feorNbattery. Herein, we
report acomprehensive study in order to unvéile underying relatiorship between its

intercalationrmechanisnand practical battery performance for,NigaO; anode.

7.2. Experimental

Pure NaTi3O; was prepared from anatase 7i®99.8%, Aldrich) and anhydrous
N&CO; (>99.995%, Aldrich) mixtures with 10% excesd¥ the latter based on
stoichiometric amounts. These mixtures were milled and calcinated idt 89010h. The
carbon coating was applied according to previous réfomla,TisO; particles was
dispersed in distilled water and ethasolution and mixed with sucrose solutiofhen
a heat treatment at 60was conducted after drying. Theamthesized materials were
characterized by a Philips XL30 environmental scagrelectron microscope (ESEM)
operating at 10 kV, and an FEI Tecnai G2 Sphera transmission electron microscopy
(TEM) operating at 200 kVXRD patterns were collected at ambient temperature on a
Bruker D8 Advance diffractometer, using a LynxEye detectaOakV and 40 mA. Cu
anode (KU, & = 1.5418 ) was used, with a
in 2d, and a 2d range of 107170A. XRD dat a
refinement using the FullProf software package:ra)X absrption spectroscopy
measurementaere performed &20-BM-B beamlineof Applied PhotorSource APS) at

Argonne National LaboratoryCustomized coin cells were used to prevent the sample
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contamination. Measurements at the Fe#ge were performed under tsamssion mode
using gasonizationchamber to monitor the incident atrtdnsmittedX-ray intensities. A
third ionization chamber was used @onjunctionwith a Tifoil standard to provide
internal calibration for the alignment of the edge positions. Tleelent beam was
monochromatized using a Si (111) doubigstal fixed exit monochromator. Harmonic
rejection wasaccomplishedising a rhodiurcoated mirror. The reference standard(O%]j
was prepared by spreading uniform layer of powders on Kapton. pachrisn was
normalized using datarocessingoftwarepackage IFEFFIT3

Electrochemical testsElectrodes wereprepared by mixing70 wt% active
material, 10 wt% polyvinylidene fluoride (PVdF), and 20 wt% Super P carbon black. For
the electrodes fabricated wiblare NaTizO; and carbon coated MNE3;0;, same amount
of external Super P carbon black (20 wt%) were addeglass fiber GF/F (Whatman)
filter was used as separat@rM NaPF6 in a 1:1 (v/v) mixture of ethylene carbonate (EC)
and diethylene carbonate (B solution was used as electrolyte. For {zali test,the
counter electrode was sodium metal foil (SigAddrich). For full cell tests,the counter
electrode was NagdLio.1Nio2Mng 660,, reportedin our previous work? The cathode to
anode weight ratio wasround2.36 : 1 in full cell. Both electrodes were directly
assembled into the full cell without a prgcle with Na metal All batteries were
assembledn an MBraun glovebox ()0 < 0.1ppm). Galvanostattischarge and charge
at various current densities were performed on an Arbin BT2000 battery cycler. The
voltage windows for half cell and full cell were 0.02.5 V and 2.0 4.2 V respectively.

Density functional theory (DFT) calculatisrwere performedin the spin

polarized GGA + U approximations to the Density Functional Theory (DFT). Core



115

electron states were represented by the projector augmeated methotP? as
implemented in the Viennab initio simulation package (VASEY'™ The Perdew
Burke-Ernzerhof exchange correlatidhand a plane wave representation for the wave
function with a cutoff energy of 400 eV were used. The Brillouin zone was sampled with
a dense {points mesh by Gamma packing. The supermalcomposed of two formula

units of Na;TizO7. The atomic positions and cell parameteesefully relaxed to obtain

total energy and optimized cell structure. The Hubbard U correction was introduced to
describe the effect of localized d electrons of transition metal ions. Each transition metal
ion hasa unique effective U value applied in the rotationally invariant GGA + U
approach. The applied effective U value given tachiwas3 eV, consistent with early

Work.109, 112,157

7.3. Results and Discussion

N&TizO; was prepared by a simple mechanical mixing of anatase TiO2 and
anhydrous N#CQO;, followed by calcination at 80N . The assynthesized material was
well crystallized into P21/m space and adopted a pellet shaper€Frg). The white
color of the obtained powder suggedtits intrinsic insulating property, whiclis
undesiredfor battey application. Thereforegarbon coating by sucrose pyrolysis was
applied to improve electronic conductivi§. The electrochemical properties were tested
in Na haf cell over a voltage window of 0.02.5 V. Figure 7.5presents the first cycle
electrochemical profileThe average intercalation potentisbround 0.35 Yand a large
amount of excess capacitythe first discharges observednainly due to irreversib Na

intercalation into carbon additive (Super P) in the electrode, consistent with previous
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literature®® Starting from the first charge, the theoretical capacity of 177 gAh
(corresponding to 2 Na insertion per formula unitjully delivered and more than 115
mAh d' ' capacity iswell maintained after 100 cycles for the carkmated NalizO;
(Figure 7.4a)). Besidesthe excellent cycling properties,good rate performanceas
achieved as a result of improved electronic conductisstyllustrated in Figure 7.3
Compared with carbenoated NaTlisO; the assynthesized (henceforth referred to as
Abar,Ei;ON3 dinetablyrdused capacitgFigure 7.20)). Therefore, theoated
carbon plays an important role in enhancing the battery performance

To evaluate the practical application of NgO;, herein we demonstrate for the
first time a full Na cell using NAi30; as anode materiaFigure 7.2¢) is thevoltage
profile of the NaTizO; / P2 - Naggdio.1dNip22MNo 02 full cell, in which the cathode
material, P2 Nag sdio.1Nio.2aMno 6602, has been reported by us previou8iDue tothe
ultralow voltage oNa,TizO; anode, theaverage voltage of ihfull cell is as high as 3.1
V, which is comparable to commercial-ion battery. As seen iRigure 7.2¢) inset,the
Na full cell can easily light up a 2.5 V LED bulbhe cycling of the full cell at C/10 rate
is displayed inFigure 7.2(d). The capacitys stabilized at 18 mAh ¢* after 25 cycles
(capacity is determined by anode active materiat)the same time, the atombic
efficiencyis gradually increased to above 98% and maintained in the subsequent cycles.
The overall energgensity is100 Wh kg*, based orthe total weight ofctive materials
from bothcathode and anode. Althoughetenergy density is lower thahat of Li-ion
battery, it should be noted that Na does not alloy with Al, sotiiegkl current collector
can beused for both cathode and anodlkis will help to further improvenergy density

of Naion battery and reduce manufacturing cost.
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High resolution transmission electron microscopy (HRTEM) images revealed the
surface morpholdgs for bare and carboncoatedNa,TizO; samples At pristine state
(Figure 74(a) and 74(b)), the lattice fringes are clearly observed, implying good
crystallinity. The width (0.84 nm) of neighbouring fringe distance is corresponded to (0 O
1) plane. As suggested blsigure 74(b), the carbon is uniformly coated on the surface of
NaTizO; with a thickness around 3 nmAfter 1% dischargean amorphous layer with
thickness of 360 nmis seenon the bare N&'i30; particle (Figure 74(c)), indicating a
severe side reactioat the solidelectrolyte interface (SEI). In contrast, the SEI layer is
largely inhibited in the carbecoated NaTlizO; (Figure 74(d)). Consequently, it is
noticed that the initial coulombic efficiency is increasby 11 % from bare to carben
coated sampleF{gure 75). This demonstrates that addition to improing the electronic
conductivity the coatedcarbon on the surface could also serve as a protection layer to
prohibit side reactionsf the electrolyte anénhance battery performandeshould be
noted thatthe carbon coating could only partially improve the inefficiency in the 1
cycle, since the main irreversible capacity is resulted from Na react with stfper P.

In order to understand the structural evolution and the ultravioltage for
Na,TizO; upon cycling, the N&is0; as well as itdi analogue LiTisO; ( 2 O xviag )
investigated by first principles calculation. The fully intercalated phasglid®, is
identified by our calculation, which ign agreemenwi t h Dr . Pal acin
report’’ More details othe phase transformation can be revealed by closely examining
structural difference betweeNaTizO; and Na;TisO;. As shown inFigure 76(a),
although there is no bond broken in@iframeworksthe Na site experience drastic

variations.The Naion coordnation decreases from 9 and 7 at pristine state to 6 after

et
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fully intercalation. In addition, to accommodat®re Na ions in the structure, the lattice

parameters are adjusted by shearing theD Tslabs The c lattice parameter is

considerablyeduced dueoat better screening effect from high 4 concentration in Na

layer. More interestingly, the dramatic Na site change is not just due to the shifffof the

O slab but also from contributiomsvolving modifications within the FO frameworkas

well. After full intercalation, the joint angle between neighbouringOTiblocks is

enlarged from 82.11fo 93.25¢Figure 76(b)). Therefore, it iFascinatingto notice that

this type of framework possesssisucturalflexibility to some degreewhich is quite

unigue compared withraditional layered intercalation compounds, such as LiCA®

for the intercalation voltagehe calculated values fdooth NaTi3zO; and LiTizO; are

basically consistent with experimentabuls?’ (Figure 76(c)) Based on Nernst equation,

the battery voltage is directly related to the Gibbs free energy change during chemical

reaction Thus, he lower voltage for NgTi3zO; compared with LiTizOy is associated with

the smaller change in Gibbs fremergy in the Na casén addition, we have studietie

electrostatic interaction in the crystal structusing Ewald summatiofi” It is interesting

to see that there is a bigger junmpelectrostaticenergy for N@TizO; from x=2 to x=4

than that ér LixTizO7, demonstrating a much stronger electrostatic repulsidtajmizO;.

Such large electrostatic repulsion leads to structural instability and consequently,

increases the Gibbs free energy K& Ti;O;. Therefore, the overall change in Gibbs free

energy upon intercalation is reduced in Na case and the voltage is lowered accordingly.
Owing to the strong electrostatic repulsion in the fully discharged phase,

NayTi3O7, a -rifeslealxfati ono behaviour Figura §7(@pthes er ved

diffraction pattern for I;TisO; phase is obtained right after the full discharge was
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completed. However, for the electrodes stored in the glovebox for 3 and 10 days after full
discharge, the intensity of peaks fronasNi;O; phase, such as3 0 2) and (1 0 4)
gradually and systematically diminishes. Concomitantly, the diffraction peaks from the
NaTi3O7 phase increases steadiljhese observations suggest that tlagTNO; structure
undergoes selfelaxation progressively. This property is also captured electrachby.

Figure 78(a) and 7.8(b) compare the voltage profiles foraN'izO; under cycling with

and without interval rest (between charge and discharge) respectively. It is observed that
the open circuit voltage for the cell with interval rest is increagedually during the

rest time, indicating the structural relaxation. Additionally, though the discharge
performances are identical in the two cases, the cell with interval rest can only deliver
130 mAh g* capacity in the first charge and further decaéen in the subsequent
cycles Figure 78(c) and7.9). Considering that this sefélaxation in the anode material
would lead to seltlischarge in the actual full cell, it could be one of the main bottlenecks
using NaTizO; as anode for N#&n battery inpractice.

The electronic transition was detected bysitu X-ray absorption spectroscopy
(XAS). Customized coin cells were used to prevent the sample contaminatior® As Ti
extremely sensitive to oxidization €fi>Ti*"), any ex-situ characterizationt@mpts to
detect Ti reduction during lithiation procesgre notsuccessful. It is important to make
sure thatthroughout the entire characterization process, the electrodes were never
exposed to the ambient environmdntFigure 77(b), the TiK edge isgradually shifted
towards lower energy region from pristine state to 0.01 V. The shape and position of the
preedge as well as the position of the main edge for the fully discharged sample

approach those found for ;05 demonstrating that i is reducedupon Naion
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intercalation. The decrease in the-page peak is ascribed to the reduced hybridization
between Ti3d and G2p orbitals during Ti ion reductic®> #**In fact, this Ti reduction

is similar to its i counterpart$?® ?*> #**Therefore, it is speculated that the ulwa
voltage for NpTizO; material during intercalation could mainly originate from crystal

structural perspective as discussed above, instiegldctronic contribution.

7.4. Conclusion

In summary,a comprehensive studyn N&TizO; asan ultralow voltage anode
for Na-ion batteries is reported. The cyclability and coulombic efficiency are significantly
enhanced, due to increased electronic gohidity and reduced SEI formatidyy carbon
coating Na full cell with high operating voltage is demonstrated by taking advantage of
the ultralow voltage of NaTlizO; anode. The selfrelaxation behaviour forfully
intercalated phaséNa,TizO;, is shown fo the first time which results from structural
instability as suggested by first principles calculatidit* / Ti®* is the active redox
couple upon cycling based on XANES characterizatiohhese findings unravel the
underlying relation between unique psesties and battery performance N&TizO;

anode, which should ultimately shed light on possible strategies for future improvement.

Chapter 7, in full, is currently being prepared for publication of the material
AUnderstandingNa TizO7 asan ultralow voltage amodematerial forNa-ion battery. The
dissertation author was the primary investigator and author of this paper. All the

computation XAS were conducted by the author and the paper was written by the author.
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Figure 74 TEM imagedor (@) bareand (b)carbonrcoaedNa:TizO; at pristine state.
TEM images for(c) bareand (d)carboncoatedNa,TizO; after £ discharge
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Figure 76 (a) The phase transfoation (b) rehtedstructural change upon Na
intercalation. (c) The calculated voltage and electrostatic energy at x=2 and x=4 for
LixTizO7 and NaTizO; respectively. The narrow bar is forLizO; and wide one for
NaXTi307.
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Chapter 8. Summary and future work

The focus of this research is designand dagnosenovel electrode raterials for
Na-ion batteriesby combining advanced characterization tools and first principles
calculations.The iterative practice of experiment and computation provides pathways to
tackle problems whenever either of the methods alone is insufficiet@grdting
experimental and computational efforts together is proved to be effective and efficient in
my research on N@n batteriesNa-ion battery has similar working principles with-Li
ion battery:during charging, Na ions are extracted from the catlandeinserted into the
anode; during discharginghey are transferred reversely. By this process, the energy
storage and released reversibly. Therefore, in order to realize high -eleagty, high
powerdensity and long life for N&n batteries. Both athode and anode materials
should be designed and optimized.

In the cathode direction, | prepared P2Nags[NiysMny3]O, with excellent
cycling property and high rate capability as a cathode material foorNbatteriesThe
phase transformation from P® O2 at 4.22 V was investigated by first principles
formation energy calculation and confirmed by synchrotron XRD. The specifiorida
orderings were found at Na = 1/3 and 1/2, which are corresponding to the voltage steps in
the charging profile. Basedn both GITT measurement and NEB calculation, the
diffusivity of Na-ions in P2 structure is indeed higher than that in the corresponding O3
structured Li compounds. The electronic structures have been studied and DOS
calculation suggested that oxygen ralyi participates the redox reaction at the end of

the electrochemical charge. Consequently, it was demonstrated that the capacity retention
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of 95% after 50 cycles could be obtained by excluding th€®ORZhase transformation
and 85% of the reversible cajiy could be retained at a 1C rate. In additiosjraple
synthesis method can be used to prepare this material without any speciscalano
fabrication. This study demonstrate that-M\ap/3[Ni1sMn23]O- is a strong candidate for
cathode in Naon bdteries for largescale energy storage.

In order to further increase the energy density for cathodes, -@lepth
understanding of the interplay between structural properties and electrochemical
performancess required to improve the performances of-ida batteries. Apromising
Na cathode material, PRag g[Li o 1Nio22VINg 66 O2, Was comprehensively studiedsing
neutron diffraction,’Li solid-state MASNMR, in situ SXRD and XAS Most of the
substituted LionsoccupyTM siteswith a high number of neareseighbor Mn ions (4,

5 or 6) a result confirmedby both neutron diffraction and NMR. Enhanced
electrochemical properties, among which improvegtling performanceand rate
capability, are obtainedlong with single smooth voltage profiles. In conttastnost of

the P2type cathodeseported so farin situ SXRD proves that th&equently observed
P2-0O2 phase transformation is inhibited this Li-substituted materia¢ven whenthe
electrodeis charged to 4.4 V. On the other hand, the P2 to O2 phasgecisulearly
observed when abf the Na ions are extracted from the structunelerCCCV charg.

Based ortheseobservations, Li substitution in the TM layemablesenough Na ions to

be left in the structure to maintain the P2 structure up to 4.4 \gehaithough Liions
migrate to octahedral or, to a lesser extent, to low coordination sites in the Na layer
formed by local stacking faults during the charging process, most of them return to the

TM layer after dischargeXAS resultsshowthat NF*/Ni** is the only active redogouple
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during cycling. Finally, an optimum composition, bgdLio.0Nio.3:MNoeO2, has been
proposed on the bastf the design principles for Nan cathode elucidated as part of
this study openng up new perspectivefor further exploration of high energy Nan
batteries.

In addition to Pzstructured oxides, a new O3Nay 7elio 1dNig.29MNg 58402 was
obtained by the electrochemical #Naion exchange process of jLisNig 29VINg 5880-.
The new material shows exceptionally hidlscharge capacity of 240 mAh/g in the
voltage range of 1-8.5 V, which is the highest capacity as well as highest energy density
so far among all the reported Na cathode materials. When cycled betwek ¥.5the
discharge capacity is well maintainecund 190 mAh/g after 30 cycles. The O3 phase is
kept through iorexchange and cycling process, as confirmed by SXRD. XAS results
show that Ni*/Ni** is the main active redox couple during cycling while Mn ions
basically stay at tetravalent state. The tNH cell utilizing this material as cathode
delivers 430 Wh / kg energy density. Future improvement could be realized through
further tuning the combination and ratio among TMs, and the material by direct synthesis
is under development, which would beweed very soon.

As for the anode directiorg comprehensive studyn NaTisO; as an ultra-low
voltage anode for N@n batteries was led by me. The aggland coulombic efficiency
are significantly enhanced, due to increased electronic conductivity ealuded SEI
formationby carbon coatingNa full cell with high operating voltage is demonstrated by
taking advantage of the ulttaw voltage of NaTizO; anode. The selfrelaxation
behaviorfor fully intercalated phaséNa,TizO, is shown for the first tim which results

from structural instability as suggested by first principles calculafioti / Ti** is the
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active redox coupleipon cycling based on XANES characterizatiofhese findings
unravel the underlying relation between unique properties arterypaderformance of
Na&Ti3zO; anode, which should ultimately shed light on possible strategies for future
improvement.

For future work,considering that lzout twice as many Na compounds Li
compounds are present in ICSD (inorganic crystallographic steidatabasef’ there
may be superior NIB electrode materials which have not been discoveredyet.
researchalso suggestthat in many cases the Meaction behavior of a material is not
equivalently identical to its behavior in the EHion batteries. Therefore monaovel
canddates could be explored for theB electrode materials, argignificantopportunity
exists todemonstratdigh capacity long life. In the cathode fieldthe future of layered
oxide materials as high capacity e battery cathodes is quifgomisingdue to the
many factors mentionead this thesisbut there is much to learn about this system before
this material can be used irpeactical battery, including ion transport, band structure and
reaction path. Additionally, more attention should be put onys&sties of the layered
oxides cathodes, since it is one of the common problems for layered materiaienn Li
batteries. Regarding to the anode materials, feowacost and largescale aplication
system the hope is ttevelop better carbon based itairtium oxide or polyanionic based
systems capable of reversibly inserting sodium at quite low voltages with stable SEI layer
formation. Besides, to make breakthrough in the energy density, the research on anode
materials in Naon batteries is moving orhé¢ search for novel anode materials. Adloy
and conversioiibased materials are considered as promising candidates because they

have considerably high specific capacity. However, for these series of materials, dramatic
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volume variations during sodiatiordésodiation is one of the mdimitations. Tailored
design of electrode material and improved electrochemical cell engineeengquired
to mitigate thesshortcomings.

In addtion to the electrode materials, the investigation on the electrolyte should
not be overlooked, because electrolytes arenéistdor the proper functiorof any
battery technologies. As in any other battery system, a good electrolyte phsagis: (i)
good ionic conductivity, (ii) a large electrochemical window (i.e., high and low onset
potential for electrolyte decomposition through oxidation and reduction at high and low
voltages, respectively), (iii) no reactivity towards thegterycomponents, rad (iv) a large
thermal stability window (i.e. melting point and boiling point lower and higher than the
standard temperatures for thatteryutilization, respectively). Finallyif should have as
low toxicity as possible and meebst requirements for the targeted applications. All
these features are intrinsically dependent on the nature of the salt and the solvent(s) and
the possible use of additivés.

More alternate approaches could be explored to increase the energy density for
Nai on batteries. R e s e a r iShbatterias, ahadohonisvtoilH e mp e r ¢
batteries whicloffer great promise as lewost, highcapacity energy storage systems, is
underway. Théatteriesoperate either at rootemperature or just below 100 C, and rely
on conventional separators and organic electrolytes containing sodium salts such as
NaPF; and a porous conductive carbon to contain the sulfur at the positive electrode. The
theoretical gravimetric capacity of the sulfur electrode is 1672 mAh/g based on full
reduction to NgS, although currently only one third could be delivered reversibly. This

problem is mainly due to the formation of soluble polysulfides which diffuse through the



135

electrolyte to the negative electrode to form lowater polysulfides. The future of this
low-temperature N& batterylies in designing protective layeesd supportive binders

for bothelectrods, and developing novel electrolytes.
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