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ABSTRACT OF THE DISSERTATION

Beyond Lithium:

Novel Electrode Materials for Room TemperatureiNia Batteries

by

Chuze Ma
Doctor of Philosophy in Narkngineering

University of California, San Diego, 2017

Professor Ying Shirley Meng, Chair

The Li-ion battey is one of the best rechargeable energy storage techniques due
to its exceptionahigh energy density and long cycle lile.has dominated the portable
electronic industrydr the past 20 years and is going to be applied for large scale energy
storage However, oncernsover limited lithium reserve and rising lithium cogtave

arisen therefore Naon batteries are beingpnsidered as the alternative for grid storages

XVii



In this thesisNa&Ti30y is first investigated as anode materials foriNia batteries.
By carbon coating, the cyclability and coulombic efficiency are significantly enhanced
for Na;TizO;. The selfrelaxation behaviour for fully intercalated phase,NgD;, is
shown for the firstitne, which results from structural instability as suggested by first
principles calculationAnother SnS-reduced Graphene Oxide (rg@omposite material
is investigated as an advanced anode material fapiNaatteries, which can deliver a
reversible capacity of 630 mAHK'gvith negligible capacity loss and exhibits superb rate
performance. The energy storage mechanisnt ahd the dtical mechanistic role of
rGO are revealed in detail.

On the cathode sideye introduce a novel layered oxide cathode material,
Nag 7dNio2dMnpef2. This new compound provides remarkable rate and cycling
performances owning to the elimination of the-®2 phase transition upon Na
deintercalation. The first charge process yields an abnormally excess capacity which has
yet to be observed iany other P2 layered oxides. It is proposed that part of the charge
compensation mechanism during the first cycle takes place at the lattice oxygen site,
resulting in a surface to bulk transition metal gradiétdmic layer deposition (ALD) is
known to improe the cycling performance, coulombic efficiency of batteries, and
maintain electrode integrity for LIBs. Therefore we examine carefully the effectOf Al
ALD coating to P2 electrode materials:rXy photoelectron spectroscopy (XPS) is used
to elucidate e cathode electrolyte interpha@eEl) on ALD coated electrodes, which
clearly reveal the effectiveness of the ALD coatie believe that by optimizing and
controlling the materials surface, Na layered oxiggerialwith higher capacities can be

desigred.
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Chapter 1. Motivation and Outline

Largescale implementation of renewable energy requideselopment of
inexpensive, efficient energy storage systems. Of the several technologies that are
suitable for this purpose, pumped hydroelectric systems currently dominate, with
compressed air being the second most utilized sysdenthe other hanalectrochemida
energy storage (EES) technologies based on battaréeeslso being considered as a
promising candidate given the rapid growth in the last two dec&fS.technologies
fulfill the demands for long cycle lifow cost and higlmoundtrip efficiency, giventheir
outstandingenergy characteristic¥he battery systemare weltsuited for use at various
circumstancedecause otheir compact sizesuch as providingnergy storage for local
solar output, powang electric or hybrid electric vehicles, supmg energy for
residential usepr enablingelectrification of remote area$Vith the adoption of EES
technologiesthe smart grid thancludes a variety ofnergy generators and utilitiesl
be realized.On-grid, batteries are utilized to stotke ecess energy generated from
renewable sources and manage the intermittent oufpésenergy can then based to
power to the gridvhen consumption exceegsoduction, and/or be applied for gieak
utilization such as for EV charging. -ion batteries (IBs), the most common type of
rechargeable batteries found in almost all portable electronic devices, have been
considered fogrid-storageapplications:

Li-ion batteries possesseveral appealing attributes: lithium is the lightest
metallic element and hake lowestredox potential (., = -3.04 V versus standard

hydrogen electrode)therefore enables cells with high voltage and high energy



density. Meanwhile Li-ion has a small ionic radius, which is beneficial to diffuse in
solids.LIBs are able to dominatie portable electronics markeith their long cycle life

and high rate capabilifyIn addition to tle rapidly rising demandshey alsobecome a
prime candidate tgower the next generatioaelectric vehicles and pluig electric
vehicles. However, oncerns over potentiallyssues withLi resourcescosts and
availability have arisen. Most easily accessible global lithium reserves are in remote or in
politically sensitive areaSEven if extensive battery recycling programs were established,
it is possible that recycling could not prevent this resource depletion irf tifnesover,
increasing lithium utilization will ultimatelyraise the price of lithium compounds,
thereby making largecale storage prohibitively expensivighe high cost and limited
availability of the transition metals for cathode materials are also of concern, driving
development towards more sustainable elements such as Fe and Mn.

The use of sodium instead of lithium for batteries could mitigate the feasible
shortage of lithium inan economic way, owing to its high abundance and broad
distribution of sodiunsources. Sodium possessesitable redox potential PR/ na= -

2.71 V versus standard hydrogen electrode; only 0.3 V above that of lithium), thus
rechargeable Nen batteris (NIBs) also hold much promise for energy storage
applications. It has similar chemical approaches as lithium, including synthetic strategies,
intercalation/alloying/conversion chemistries. Moreover, the characterization methods
utilized in electrode matils for LIBs could be applied to develop electrode materials
for NIBs more efficiently* So fa the development of NIBs is still at its early stage,
therefore, my Ph. D research mainly focused on investigating the electrochemical

mechanisms of the electrode materials for NIBs so as to design better materials.



The objectives of the first part of ntlgesis are to improve the capacity retention
and rate capability of anode materials amdavel the fundamental mechanisms for their
energy storage behaviorBhe objectives of the second part of my thesis are to investigate
the effects of transition metals and alkali ions on the phase stability and oxygen reaction
upon cycling, as well as the surface enhancement of the maté@iwlpter 2 gives a
general intrduction of Naion batteries.Chapter 3 briefly introduces advanced
characterization tools | use in my research including synchrotroey Xabsorption and
transmission electron microscopes. Ghapter 4, the capacity retention and rate
capability of sodiuntitanates are improved and the fundamental reasons for their ultra
low voltage and intrinsic problems are unravel@tapter 5 introduces a great capacity,
high rate, long cycle life SnSeduced graphene oxide composite anode and its energy
storage mechasms are thoroughly studie@hapter 6 discusses the critical role of Na
concentration in PRay7dNip2dViNgedO, to maintain the structural stability during
cycling, and proposes the reaction of oxygen atoms for charge compenSaamter 7
explains thamprovement of the cathode electrolyte interphase oiN®2Nii;sMny30,
by atomic layer depositioi€hapter 8 summarizes the overall work and my ideas for the

future research.



Chapter 2. Introduction of Sodium lon Batteries

2.1. Naion Batteries (NIBs)

Na-based batteries are not new. Back to the 1970gpMNand Ltion batteries
were investigated in parallef. The investigation of Néon batteries significantly
decreased after the sucdessommercidization of Li-ion batteries in the 1990s. Nan
batteries have a very similar working principle as th@hibatteries. As shown in Figure
2.1, each electrochemical cell is basically composélreé main componenta:positive
electrode, a negative egltrode, and a membrane separatbich contains electrolyte
Active materials that alloviNa-ions to bereversiblyinserted or extractedre casted on
the aluminum foilto form the electroded he electrolyte and separator are conductive to
ionsbutresisant to electrons, allowinya-ions but not electrons to pass between the two
electrodesluring the electrochemical cycling

Recently, research interest in idgn batteries operated at rogdemperature is
renewed because of tladundance and low cost of Mes the demands for and sizes of
batteries have increased, the interest in NIBs has resurged particularly fecagjaESSs.
As shown in Figure 2.2, a remarkable number of new materials have been introduced and
evaluated aslectrode materials for NIBs in the last few years. Similar to LIB chemistry,
layered and polyanionic compounds have been extensively investigated as cathode
materials, and carbon based materials, metal oxide compounds, and metals have been
studied as anodmaterials Figure 2.2 (b),(c)). Prussian blue and organic materials have
also been recently examined as electrode materials for NIBs. As displayed inZFRjure

electrode materials with various redox potentials and capacities were discovered in only a



few years of research, and some of these matemaksireadycomparable tahose used

in LIBs.

2.2. AnodeM aterials for NIBs

Despite the high specific capacity and low voltage potential, the formation of
dendrites and the safety issues related to sodnetal currently prevent its use as a
negative electrode for commercial applications. Therefarecessfuldevelopment of

sde and efficient anode materiatgsimportant for Naon batteries

2.2.1. Carbons

Unlessspecific electrolyte is used, Nansdo not intercalate igraphite whichis
the most commonly usetegative electrode inommercialized.i-ion batteries.® As the
Na-ions has 50% larger ionic radius than theduns, they are too big tantercalate into
the carbon layers Alternative carbons such #s hard carbonsrewildly studied given
their low redox plateau and higleversiblecapacities(300mAhg').? Hard carbons are
normally prepared by pyrolysis reactions of carbohydrate compounds, resulting in its
amorphous nature and expanded carbon layéwsredox potential of Na insertion into
hard carbon iglose to 0.1 V comparintp the Na/N& redox potentiglwhich indicaies
that there is very little charge transfeetween carbon and sodiuA mechanism is
therefore proposed that instead of intercalating into the graphitic sheeisnd\farm
clusters that fill the porous sit@sthe disordered carbon, instead of intercalating into the
graphitic sheets. As the redox potential of hard carbons is very close to the sodium

plating potential, it raisesafety issues if operateat high current density and/or high



depth of dischargeRecently,it was shown expanded graphite could reversibly store and
release Naons, with the espacing of the carbon layer largely influencing the reversible
capacity'® Thevoltage profile of expanded graphigea sloping curve from 1.5V to 0 V.
The higher voltage compared to hard carbon increases the batatysacrifice energy

density

2.2.2. Low Potential TransitionMetal Oxides and Phosphates

Transition metal oxides are of great interest to be exgplasanode materials.
The intercalatiormechanismof Naions into the structure allows for high volumetric
energy density as well as good safety featuktSSICON-type NaTy(POy)s was first
reported to have a redox plateau at 2.1 V, indicating aptvasereaction melsanism
during Na intercalatiof® It exhibits high reversible capacity of 120 mAhghen testd
in both noraqueous and aqueous electrolytes, with a lower polarization observed in the
latter. The obtained capacity is as high as 90% of the theoretical capacity, while the better
electrochemical performance in agueous electrolyte relies on its lowedance and
viscosity. Theredox potential foNa-ion intercalationis the same with theower limit of
the electrochemical stability window of the aqueousS@ electrolyte, which makes
NaTi(POy); an attractive negative electrode for aquediBs.*? Another material,
NaTi3O7 exhibits an ultra low voltage plateati aound 0.3 V for the reversible storage
of two sodium atom&® The theoretical capacity af77 mAhg' could be achieved:;
however,up to 30% of super P carbon black additive arglow cycling rate (C&) are

necessary. The large amount of carbon additive decreases the energy density and causes



large irreversible capacity, which is of the same order of magnitude as the reversible

capacity observed at the first cycle.

2.2.3. Alloys

The potentials foseveal different alloyreactions have been predictéadough
computational study whickhows promising result§' Meanwhile, thesalloy reactions
provide high specific capacity since midtectron transfer is involved during the
reactionsHowever, volume expansion of the alloys is the main issue, which causks qui
capacity degradation for longer cyclesn Thetal is of great interests as it can alloy with
Na-ions atan awerage voltage of 0.3 ¥nd provide a high theoretical capacity o790
mAh g*. The computational study has been proven by experimental resutgosite
electrodes of tin powder with a polyacrylate binder show a reversible capacity of 500
mAhg* over 20 cycles at a slow cycling rdfeln situ techniques show that the -Sta
alloying mechanism is dependent on the physical form of the anode: Stpandictes
were able to accommodate the volume increase without crackingforming
amorphouanocrystalline phases, according toithsitu TEM reaults;'® whereasSn-Na
alloy foils tend to show much higher crystallinégcording to thén situ XRD study*’ In
both cases, kinetic effects are predominant and prevent the formation of the
thermodynamically stabl@phases present in the {$m phase diagramBesides tin,
antimony is another metal that can alloy with Na at low potential. Microcrystalline
antimony exhibitsa large reversible capacity of 600mAhgver 160 cycles at a rate of
C/10 with an average voltagef 0.8 V!® Moreover, amorphous phosphoflus

demonstrates an extremely high capacity of 1500rfAkilgen alloying with Naons at



0.6 V. As the large volume expansion causes cracks and strains fafldgeanodes
during cycling,the passivation of the ade/electrolyte interphase is crucial. By adding
fluorinated ethylene carbonate (FE®G)the electrolyteghe cycling performance of aljo

anodes can be greatly enhantef*®

2.3. Cathode materials for NIBs

A large numbeof compounds are beg studied as possible cathode materials for
Na-ion batteries, most of which can be grouped into either layered metal oxides or
polyanion compoundsEach familyhasits own advantages and disadvantages for their

real application in energy storage systems.

2.3.1. LayeredM etal Oxides

Layered oxides areomposed of alternate Na layers and transiti@tal TM)
layers in the oxygeframework They canbe easily synthesized in air widolid-state
methods O3-phase and R@hase are the mostudiedlayered oxidegor NIBs cathode
materials.As shown in Figure 2.3he oxygen layers in the O3 phase paldsely inan
ABCABC pattern, in which N@ons andTM ions arelocated in the octahedral sit&3n
the other handthe oxygenayersin P2phase aretacked in the ABBAnanner, so that
the Naions locate in the trigonal prismatic sites.Naions can reversibly
intercalate/deintercalateom the P2/O3 struate, but with lower activation energy for
the P2 phase.

NaCoO, has been considered as the cathode of NIBs due to the success of

LiCoO,, however, N&oO, shows inferior electrochemical performance due to poor



kinetics and multiple phase transformatiéh$" NaMnO, is more competitivewith
higher theoretical capacitgndlower costof Mn. Meanwhile,the O2 phase and birnessite
phase of NaMnO; also exhibit electrochemical activities for NIBsDespite providing
high capacitiesNaiMnO, materialssuffer frompoor cycling performanckecause of the
structural degradatiomduced bydislocations and defectd* Although LiFeQ is not
active for LIBs,NaFeQ could provide reversible capacity in NIB&th highly active
I:ea+/4+ redox26" 28

Basedon the various behaviors of singleM oxides, such as the good ionic
diffusivity of NaCoQ,, the high specific capacity of NdnO,, and the high redox
potential of NaFeg layered oxides with combinations of sevediiferent TMs are
designed so as to impve the overalperformance of thenaterials. O3Na[Nip sMng 5|02
can be regarded as a good examislevhich N#* ions are activeand Mr'* ions are
inactive?® When cycled between 228 V, the material delivers capacity of 125 mAh
g', with 75% of the capacity maintained at the"5@ycle. If the cubff potential is
increased to 4.5 V, itsapacity can further increase to 185 mAR. ¢tHowever, at the
higher voltage,significant interslab expansion and phase transsiooccur thatthe
cycling performances severelyharmed® 3! Another important multmetal oxide, P2
Napg[FerpMny 2Oy, f i 1 st repor t e dhashajtractedwie lateerdias itgr o u p ,
provides large reversible capacity barily consists earth abundant and environmental
friendly elements? Both Mr®* / Mn*" and F&" / F€"* redox couplesre highly active in
this compoungdthereforeit can cliver a reversible capacityp to 190 mAh ¢* when
cycled between 1i8..3 V. More surprisinglyup to 70% of the capacity can be achieved

at 1 C without anyfurther optimization to the active materiddowever,20% capacity



10

fading was observed up 80 cycles indicating thecycling performanceneed to be
improved.According to the XRD results, a seriesaaimplicated phse transitions from
P2 phas€P6/mmc, pristine) to OP4 phagP6;, fully charged) to P2 phag@6;/mmc,
3420 V)t hen t ose(Brach, 2@h.% V) occur during the electrochemical
cycling.®* The cyclingperformancean be improved blpwer the cuiff voltage to 4.0 V
to avoid OP4 phase, but the reversible capacity is reduced

To stabilize the structurdi doping has been applied R-type layeredoxides
The detrimentalP2 O2 phase transformatiorran be effectively inhibitedand the
hexagonal P2tructurecan be well maintaineeven the electrode is charged to 4.&'%
As a result, the materials sh@mhancedate anccycling performance For instanceR2
NaosdLi 0.12Nio 22N 0.6 O- deliver a reversible capaciof 118 mAh §* between 2.04.4
V with a capacity retention of 91% after 50 cyclét addition O3typelayered oxides
that contain Li can bebtained by Li/Naexchange of Lrich layered oxideshrough

electrochemical methods, whidemonstrate extremehigh capacity®*’

2.3.2. PolyanionCompounds

Due tothe strong inductive effect of the anigr@olyanion compounds have
outstanding structural stability and therefore are being widely studied as cathode
materials for NIBs They are commonlgharacterized as high operating potentials and
excellent cycling performancesiowever, poor electronic conductivity is a common
issue for this group of material. Polyanioampounds exhibits high structure diversity
which includegphosphates (NaFeR@ndNazV2(PQy)s), pyrophosphates (MslP,O; and

NasM3(POy)2P,07), fluorophosphates (NBRIPO4F, Na(VOy)2(POw)2F3 1 ) {M = Fe, Co,
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Mn), and sulphates (NBe(SQy)s;, NaFe(SQ)2H 20). In this thesis, NaFeRtand
NagV2(PQy)3 are briefly introduced.

In the olivine NaFePQ crystal, metal atoms (Na and Fe) occumif of the
octahedral sites and the P atomscupy oneeighth of the tetrahedral sitesf a
hexagonaklosepacked oxygen arrayt is not the mosthermodynamically stable phase
of NaFePQ@, which increases a lot of difficulties to obtapure phaselivine NaFePQ
experimentally’® Olivine NaFePQis an attractive cathode asshiowsa high theoretical
capacity of 154 mAh gand a high average voltagé 2.9 V based on th&e?"* redox
couple®® However, because of the large difference between the desodiefe@
structure and thdlaFePQ structure, the charge/discharge process for this material is not
reversible. Two voltage plateaus could be observed during the charge, which correspond
to the solidsolution reaction and twphase reaction respectivelgpwever, only one
plateau could beofuind during the discharge, which results from thexistence of three
phases® As mentioned abovelaFePQ also suffers from poor electron conductivity;
therefore additional carbon should be used to optimize the performance. Aftéeall,
practical capacity of olivine NaFeR@ muchlower thanits theoretical capacitipecause
of these drawbacks.The electrochemicaperformance of NaFeR@an be enhanced by
carbon coating anckducing particle size

NASICON NaV,(PQy);3 is anotherwidely studied polyanion compoundh the
NagV,(POy)s crystal, cornersharing PQ tetrahedra and V@octahedra create a three
dimensional [\¥P;01; skeletonand Naions occupy two differenfNa(1) and Na(2)
interstitial sites” The open structure allowfast Naion diffusion through the 3D

diffusion channelsbut thePQ, anion reduces the electronic conductivity of the material.
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NagVo(PQy)s has ahigh voltage plateau at 3.4 V based on W&/ V** redox reaction.
However, only twethirds of the Naons can be extracted from the structwigen used
as cathoderesulting in a low theoretical capacity of 117 mAH.4 NagVo(PQy)s has
beenstudied by Plashnitsat al. in a symmetric cell with an iorlicuid electrolyte,but
the electrochemical properties are unsatisfactofne addition of carbon to the material
can significantly enhance the electrochemical performance. Various methods such as
carboncoatingor embeddingvere applied tancrease the electronic conductigé the
active materiaf®“*® The composite electrode dagV,(PQy); dispersedon acetylene
carbon nanephereexhibit reversible capacities of 117.5 mAh'@t 0.5 C and 97 mAh
g ! at 5 C,with excellentcapacity reg¢ntion of 96.4%or more than200 cycles’ The
electrochemical performance of Ng(PQOy); can also be enhanced laoping For
instance, Fe doping has been demonstrated as an effectivedntiethimprove the

electrochemical performantg increasing the valence state of vanadffim
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Chapter 3. Advanced Characterization Tools

3.1. Xray Absorption Spectroscopy (XAS)
3.1.1.In situ XAS

The elemenspecific nature and high sensitivity to the local chemical
environment of XAS technique make it an ideal tool to study the electronic structural
properties and intestomic environment. The workgy principle is straightforward: ren
the X-ray hits a sample, the oscillating electric field of the electromagnetic radiation
interacts with the electrons bound in an atom. The radiation will either be scattered by
these electrons or part of its energy will be absorbed to excite the electransedt, a
narrow parallel monochromatic-day beam of intensityylpassing through a sample of

thicknessx will get a reduced intensity | according to the equation 3.1:

11— it (eq. 3.1)

Here pis the linear absorption coefficient, which depends on the types of elements and
the density of the materialhe absorption by the electrons increadessticallyat the
characteristic energy for certain elemamd gives rise to an absorption ed only
happens when the energy of the incident photons is just sufficient to cause excitation of a
core electron of the absorbing atom to a continuum dtéanwhile, a photoelectron is
generated during this proce$or certain element, it could possess various absorption
edges corresponding to tligferent binding energiesf electrons in thels (23)), 2s

(2S112), 2p (2Ry2), 2p (2R, orbitals (states), which are labeled as K, L, Ly edges.

16
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When the phaelectron leaves the absorbing atom, its wave is backscattered by the
neighboring atomsThe photoelectron wave and the backscattered wave then generate
constructive and destructive interference, resulting in maxima and minima after the edge.
Figure 3.1 shwsan examplef a complete Xay absorption spectroscopy spectrunis It
generally divided into 4 sections: (1) prdge (E < B); (2) X-ray absorption near edge
structure (XANES) where the energy of the incidenta}t beam iswithin 10eV of the
absorption edgg3) near edge Xay absorption fine structure (NEXAFS)hich isin the

region between 10 eV up to 50 eV above the edge; and (4) extenddaksorption

fine gructure (EXAFS), whichiocatesrom 50 eV to 1000 eV above the edge.

The pre-edge region contasninformation about ligandield, centrosymmetry or
spinstates, whichs mainly due to the electron transitions from the core level to the
higher unfiledorhaif i | | ed or bi t iathe XANES. region,rangitiong ofd ) .
core electrons to unoccupied higher energy states oweduch is the most likely
absorption transition; therefoeelarge absorptionedgeis observedat the characteristic
energies In the NEXAFS region the ejected photoelectrons have low kinetic energy
sinceE - Ey is small, therefore thenultiple scattering by thatoms atfirst and even
higher coordinating shelis very strongin the EXAFS regionsince E- Ey is large,the
photoelectrons have high kinetic energy &mds allowsingle scattering byhe nearest
neighboring atoms.

In situ XAS experiments could be conducted with the customized coin cells as
shown in Figure 3.2. The-Kay could go through the Cirldkm window in the middle of
the working cells and therefore characterize the materials during the electrochemical

reaction process. In this thesis,situ XAS has been adopted to the study of multiple
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electrode materials, providing crucial informat@imout the electronic structure and local

chemical environment.

3.1.2. Soft XAS (sXAS)

Soft XAS (sXAS) is capable of probing chemical environment with excellent
surface depth sensitivity by tuning the signal acquisition mode. Specifically, SXAS data
can becollected simultaneously using three detection modes (Figure 3.3): (1) Auger
electron yield (AEY), (2) Total electron yield (TEY), and (3) Fluorescence yield (FY).
Electron yield modes vary in penetration depth and are extremely surface sensitive: TEY
mode has a probing depth of22nm, whilst AEY has a probing depth o2Inm. The FY
mode probes the bulk of the material up to a depth of about 58 sWAS data were
acquired under ultrahigh vacuum (Lorr) in a single load at room temperature in total
electron yield (TEY) mode via the drain currenéthod, in Auger electron yield (AEY)
mode using a cylindrical mirror analyzer, and in fluorescence yield (FY) mode using
silicon photodiodes. Given its impressive capabilities, this characterization technique has
been applied to investigate charge comp&#os mechanisms in LIB cathode materials,
proving particularly useful in the exploration of redox reaction mechanisms involving
oxygen anions in relation to those involving TM iGhs>

X-ray absorption peaks corresponding to the metal &3d L2edges are
relatively intense because the-2¢ trangion is electric dipoleallowed In addition,
these peakare very sensitive to oxidation state, spin state, and bond covalence. The most
salient electronic structure can be qualitatively obtained by deconvoluting thdge3

into highenergy (L3ign) and low-energy (L%w) features. It is noted that the ratio
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between the Lin and L3, integrated peak intensities is in a positive relationship with

the TM oxidation statg*

3.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEManprovide critical information about
the crystal structure, chemical composition and electronic bonding structure of the
materials, and is therefore being widely adopted by materials scientists for their research.
In a TEM: a beamof electrons is emitteffom an electron gunaccelerated by a high
voltage electric field (200-300kV), and refinebendedby multiple electromagnetic
lenses that focus theeam. Thenhie beam of electrons is passed through an-thina
sample (100 nm thicknesahd interacts vih the atoms in there. At last, the transmitted
electron beam isnagnified, and detected kiye fluorescent screen atigital CCD
camerago form an image

Optical microscopes have limited resolution because of the wavelength of visible
light. In 1928,iti s found by applying denattBrrdoadty,i e 6 s
electrons would have a much smaller wavelength than visible light and could be used to
enable resolving power capable of distinguishing atoms. The wavelength of an electron
can be calculad with relativistic corrections by Equation 3.2. For an electron accelerated
by a 200 kV field, its de Buglie wavelength is 2.5 picometemproviding enough

resolving power for atomic bonds.

(eq. 3.2)
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The transmission electron microscope is a highly complex instrument composed
of multiple components. Generally, it includes (1) a column of vacuum system for which
the electrons can travel; (2) an electron seu(3) a series of electromagnetic lenses to
refine, shape, and magnify the electron image; and finally (4) detectors to capture the
image.

The pressurén the electron beam column should be Kepter than 10 Torr in
order to create an environment Witminimal electron gas collisions and poevent
electrical arcsThe electron source consists of several components to produce a beam of
highly energized electrons. Electrons can be generated through two types of mechanism,
thermionic emission and fieldr@ssion. In thermionic emission, a filament with a high
melting point and low work function such as tungsten or lanthanum hexaboride is heated
to a temperature where the thermal energy of the electrons is higher than its work
function leading to emissiof.hen, the emitted electrons are converged by a negatively
charged Wehnelt Cylinder, at the expense of fewer electrons emitted, and finally
accelerated to a positively charged anode. In field emission, a strong electric field of 109
V/m is used to extractectrons from a metal filament and then accelerated further to the
full potential. Field emission electrons produce a more intense electron beam, but require
higher vacuum columns on the order of*40orr. After the electrons are generated and
acceleratd under a high applied voltag¢éhey are focused by several electromagnetic
lenses that act in the same principle as an optical convexTlees are two condenser
lenses right under the electron source which can shape and bend the electron beam before
it interacts with the sampl@hen the objective lens is put under the sample to create an

inverted image, which is then magnified by an intermediate lens and two projector lenses.
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Finally the transmitted beam hit the detector to form an im&ggire 3.4 sbws a
schematic of the TEM column with all the components.

In this thesis, the high resolution TEM coupled with selected area electron
diffraction was applied to study the morphology and structures of the battery electrode
materials. Some of the characterization and data analysis were also carried out in
scanningtransmission electron microscog$$TEM) mode, and electron energy loss

spectroscopy (EELS) was used in STEM mode as well.
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Chapter 4. Understanding NaTizO7 as an ultra-low voltage anode material for Na

ion batteries

An in-depth understanding of NE3O; as an anode for Nan batteries is
reported. The electrochemical performance is significantly enhanced with carbon coating,
as a result of increased electronic conductivity and reduced solid electrolyte interphase
formation. Tf* reduction upon dischargis demonstrated by isitu XAS. The self
relaxationbehaviorof fully intercalated phase is revealed, for the first time, due to its

structural instability.

4.1.Introduction

Naion batteries have recentlgained increased recognition as intriguing
candidates for nexgeneration large scale energy storage systems, stemming from the
natural abundance and broad distribution of Na resources. Although the energy density of
Naion battery is not as high as that bi-ion battery, which is one of the most
dominating energy technologies in this decade, there are studies suggestingitimat Na
systems should not be discarded In particular, Naion batteries operating at room
temperature could be suitable for applications where specific volumetric and gravimetric
energy dasity requirements are not as stringent as in EVs, namely in electrical grid
storage of intermittent energy produced via renewable sotrdéss would also
contribute to a significant reduction in the cost connected to the use of renewable sources,

which could then penetrate the energy market more easily and maka Mehnology
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complementary to Lion batteries for stationary storaje.®

For the past several years, a variety of novel materials have been explored as
electrode materials for Nan batteries. SincBla-ion has a relatively larger ionic radius
thanLi-ion, materials with an open framework are preferred for fa¢deon insertion /
extraction. Following this strategy, many breakthroughs in cathode materials have been
achieved, such as layered and polyanion compotiffsiowever, the development of
suitable anode materials for fn batteries remains a considalm challengé®?
Graphite cannot be used as anode, since it is unable to intefdalae reversbly.®°
Metallic Na is also ruled out, because it forms dendrites easily and has an even lower
melting point than Li. Hard carbons is shown to insert anthsiertNa-ions, delivering
capacities about 20800mAh g *."®% However, the reversibility for carbonaceous
materials still requires further improvemé@ft. Na-alloys are proposed as possible
alternatives, as they can potentially provide higher specific capa@itfe¥. These alloys,
however, suffer from large volume changes upon uptake / removal of Na, in analogy to
Li-alloys>® Another emerging classf 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 M5vs. Na'/Na, leading to a low energy densifyTi-
based oxides are suggested to be an attractive alternative, consideringTh@h4.is
one of the few commercialized anode materials iiohi battery’™’? Several different
sodium titanates have been explored as anodes fiorNaattery’®’” Among them, a
study by Palaai et. al. demonsited that the layered oxide N&O; could reversibly

exchangeNa-ions 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
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anode candidate for Nan battery. Very recently, the same group identified the fully
intercalated phase, WE3O;, and provided additimal insight on the low intercalation
potential of this material, using DFT calculatidi$dowever, more work is still required

to closely connect the fundamental properties with the battery performance and to
systematically evaluate whether it can be a viable anode feorNbattery. Herein, we
report a comprehensive study in order to untiea underlying relationship between its

intercalation mechanism and practical battery performance {dn @ anode.

4.2.Experimental

Pure NaTi3O; was prepared from anatase 7i®99.8%, Aldrich) and anhydrous
N&CO; (>99.995%, Aldrich) mixtures with 10% excess of the latter based on
stoichiometric amounts. These mixtures wer
carbon coating was applied according to previous répdiaTisO; particles was
dispersed in distilled water and ethanol solution, and mixed with sucrose solution. Then,
a heat treatment at yng 0he asyattsesizedonmaitrials weeed af t
characterized by a Philips XL30 environmental scanning electron microscope (ESEM)
operating at 10 kV, and an FEI Tecnai G2 Sphera transmission electron microscopy
(TEM) operating at 200 kV. XRD patterns were colldct ambient temperature on a
Bruker D8 Advance diffractometer, using a LynxEye detector at 40 kV and 40 mA. Cu
anode (KU, & = 1.5418 ) was used, with a
in 2d, and a 2d range o taridd®at Bywllizing Ri®RId d at a
refinement using the FullProf software package:ra)X absorption spectroscopy

measurements were performed atB¥-B beamline of Applied Photon Source (APS) at
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Argonne National Laboratory. Customized coin cells were useorevent the sample
contamination. Measurements at the Ffe#ge were performed under transmission mode
using gas ionization chamber to monitor the incident and transmitteg Xtensities. A

third ionization chamber was used in conjunction with #ofli standard to provide
internal calibration for the alignment of the edge positions. The incident beam was
monochromatized using a Si (111) doubigstal fixed exit monochromator. Harmonic
rejection was accomplished using a rhodicoated mirror. The refence standard, J0s,

was prepared by spreading uniform layer of powders on Kapton. Each spectrum was
normalized using data processing software package IFEBFIT.

Electrodes were prepared by mixing 70 wt% active material, 10 wt%
polyvinylidene fluoride (PVdF), and 20 wt% Super P carbon black. For the electrodes
fabricated with bare NAiz;O; and carbon coated ME3;0;, same amount of external
Super P carbon black (20 wt%) were added. A glass fiber GF/F (Whatman) filter was
used as separator. 1 M NaPF6 in a 1:1 (v/v) mixture of ethylene carbonate (EC) and
diethylene carbonate (DEC) solution svased as electrolyte. For haHll test, the
counter electrode was sodium metal foil (SigAddrich). For full cell tests, the counter
electrode was Nad.io1Nig2dMNo 602, reported in our previous worR The cathode to
anode weight ratio was around 2.36 : 1fudl cell. Both electrodes were directly
assembled into the full cell without a prgcle with Na metal. All batteries were
assembled in an MBraun glovebox,(H< 0.1ppm). Galvanostatic discharge and charge
at various current densities were performed onAsbin BT2000 battery cycler. The

voltage windows for half cell and full cell were 0.02.5 V and 2.6 4.2 V respectively.
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Density functional theory (DFT) calculations were performed in the-spin
polarized GGA + U approximations to the Denskynctional Theory (DFT). Core
electron states were represented by the projector augmeated metho as
implemented in the Vienna ab initio simulation package (VA8Hhe PerdewBurke-
Ernzerhof exchange correlatfdrand a plane wave representation for the wave function
with a cutoff energy of 400 eV were used. The Brillouin zoas sampled with a dense
k-points mesh by Gamma packing. The supercell was composed of two formula units of
NaTi3zO;. The atomic positions and cell parameters were fully relaxed to obtain total
energy and optimized cell structure. The Hubbard U correatteas introduced to
describe the effect of localized d electrons of transition metal ions. Each transition metal
ion has a unique effective U value applied in the rotationally invariant GGA + U
approach. The applied effective U value given taohi was 3 eV consistent with early

work >®

4.3.Results and Discussion

N&TizO; was prepared by a simple mechanical mixing of anatase aind
anhydrous N8CO;, f ol | owed by <calcination at 800
The assynthesized material was well crystallized into P21/m spacedoputed a pellet
shape (Figure 4)1 The white color of the obtained powder suggested its intrinsic
insulating property, which is undesired for battery application. Therefore, carbon coating
by sucrose pyrolysis was applied to improve electronic conduyctfvitThe
electrochemical properties were tested in Na half cell over a voltage window 62 ®.01

V (for expeimental details, see ESI). Figure gtesents the first cycle electrochemical
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profile. The average intercalation potentialasund 0.35 V, and a large amount of
excess capacity in the first discharge is observed mainly due to irreversible Na
intercalation into carbon additive (Super P) in the electrode, consistent with previous
literature’® Starting from the first charge, the theoretical capacity of 177 gAh
(corresponding to 2 Na insertion per formula unit) is fully delivered and rhare 115
mAhg'! capacity is well maintained after 100 cycles for the camated NaTizO;
(Figure 4.3 (a)). Besides the excellent cycling properties, good rate performance is
achieved as a result of improved electronic conductivity as illustrated ureFig4
Compared with carbenoated NaTlizO; the assynthesized (henceforth referred to as
Abar gi;0N3 di spl ays not abBigure 4.83(k)d Therefate, theap aci t
coated carbon plays an important role in enhancing the battery performance.

To evaluate the practical application of NigO;, herein we demonstrate for the
first time a full Na cell using Ndi30; as anode material. Rige 4.3 (c) is the voltage
profile of the NaTizO; / P2 - Naggdio.12Nip22MNg 602 full cell, in which the cathode
material, P2 Nay gdio 1Nig 20Mno.6602, has been reported by us previouSlpue to the
ultralow voltage oNa,TizO; anode, the average voltage of this full cell is as high as 3.1
V, which is comparable to commerciakian battery. As seen iRigure 4.3(c) 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 in Figire 4.3(d). The capacity is stabilized at 105 mAH gfter 25 cycles
(capacity is determined by anode active material). At the same time, the coulombic
efficiency is gradually increased to above 98% and maintained in the subsequent cycles.
The overall energy density is 100 Whkdased on the total weighf active materials

from both cathode and anode. Although the energy density is lower than thaioof Li
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battery, it should be noted that Na does not alloy with Al, so that the Al current collector
can be used for both cathode and anode. This will loefiprther improve energy density
of Naion battery and reduce manufacturing cost.

High resolution transmission electron microscopy (HRTEM) images revealed the
surface morphologies for bare and carooated NalizO; samples. At pristine st
(Figure 4.5(a) and (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 by Figure ¢hh the carbon is uniformly coated on the surface of
NaTizO; with a thickness around 3 nm. Aftef discharge, an amorphous layer with a
thickness of 360 nm is seen on the bare NigO; particle (Figure 4.%c)), indicating a
severe side reaction at the solid electrolyte interface (SEI). In contrast, thay8Eis
largely inhibited in the carbecoated NalizO; (Figure 4.5(d)). Consequently, it is
noticed that the initial coulombic efficiency is increased by 11 % from toacarbor
coated sample (Figure 4.Z'his demonstrates that in addition to impraythe electronic
conductivity, the coated carbon on the surface could also serve as a protection layer to
prohibit side reactions of the electrolyte and enhance battery performance. It should be
noted that the carbon coating could only partially impréneinefficiency in the %cycle,
since the main irreversible capacity is resulted from Na react with super P.

In order to understand the structural evolution and the ultra low voltage for
NayTizO; upon cycling, the N&isO; as well as its Li analogue ,MisO; ( 2 Ox O4) was
investigated by first principles calculation. The fully intercalated phasglid®, is
ideni fied by our calcul ati on, which is in

report’’ More details of the phase transformation can be revealed by closely examining
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structural difference between NasO; and NaTizO;. As shown in Figre 4.6 (a),
although there is no bond broken inOiframeworks, théNa sites experience drastic
variations. The Naon coordination decreases from 9 and 7 at pristine state to 6 after
fully intercalation. In addition, to accommodate mbdi&ions in the structure, the lattice
parameters are adjusted by shearing theO Tsldbs. The c lattice parameter is
considerably reduced due to better screening effect from highriN@oncentration in Na
layer. More interestingly, the dramatic Na site change is not just due to the shift of the Ti
O slab but also from contributions invahg modifications within the TO framework as

well. After full intercalation, the joint angle between neighbouringOTblocks is
enlarged from 82.11to 93.25CFigure4.6 (b)). Therefore, it is fascinating to notice that
this type of framework possessdsustural flexibility to some degree, which is quite
unigue compared with traditional layered intercalation compounds, such as,Li€®O

for the intercalation voltage, the calculated values for botiTihNa; and LiTizO; are
basically consistent with expmental resuli (Figure 4.6 (c)).”” Based on Nernst
equation, the battery voltage is directly related to the Gibbs free energy change during
chemical reaction. Thus, the lower voltage for,NgO; compared with LiTizO; is
associated with the smaller change in Gibbs free energy in the Na case. In addition, we
have studied the electrostatic interaction in the crystal structure using Ewald
summatior® It is interesting to see that there is a bigger jump in electrostatic energy for
NaTizO7; from x=2 to x=4 than that for kTizO;, demonstrating a much stronger
electrostatic repulsion in WaizO;. Such large electrostatic repulsion lesaolstructural

instability and consequently, increases the Gibbs free energy for;Na Therefore, the
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overall change in Gibbs free energy upon intercalation is reduced in Na case and the
voltage is lowered accordingly.

Owing to the strong electrostatieepulsion in the fully discharged phase,
NayTizsO;, afi s e lefl ax at i o n as oliserted YAs shawn in figure 4.7, the
diffraction pattern for Ngli;O; phase is obtained right after the full discharge was
completed. However, for the electrod#sred in the glovebox for 3 and 10 days after full
discharge, the intensity of peaks from4NgO; phase, such as3 0 2) and (1 0 4)
gradually and systematically diminishes. Concomitantly, the diffraction peaks from the
NaTi3O7 phase increases stegdilThese observations suggest that thgliN@®- structure
undergoes selfelaxation progressively. This property is also captured electrochemically
Figure 4.8compars the voltage profiles for NdizO; under cycling with and without
interval rest (betweewharge and discharge) respectively. It is observed that the open
circuit voltage for the cell with interval rest is increased gradually 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 decay is sed¢neirsubsequent cycles (FigutsS
(c) and Figure 4.9 Considering that this sefélaxation in the anode material wouldgd
to seltdischarge in the actual full cell, it could be one of the main bottlenecks using
NaTi3O7 as anode for Nén battery in practice.

The electronic transition was detected bysitu X-ray absorption spectroscopy
(XAS). Customized coin cells we used to prevent the sample contaminathanTi®" is
extremely sensitive to oxidization €fi>Ti*"), any exsitu characterization attempts to

detect Ti reduction during lithiation process were not successful. It is important to make
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sure thatthroughot the entire characterization process, the electrodes were never
exposed tdhe ambient environment. In Figure 4bj, the TiK edge is gradually shifted
towards lower energy region from pristine state to 0.01 V. The shape and position of the
preedge aswell as the position of the main edge for the fully discharged sample
approach those found for ;03 demonstrating that i is reduced upon Nmsn
intercalation. The decrease in the-page peak is ascribed to the reduced hybridization
between Ti3d and G2p orbitals during Ti ion reductidtt:®® In fact, this Ti reduction is
similar to its Li counterpart§®®®” Therefore, it is speculated that the ulow voltage

for NaTizO7; material during intercalation could mainly originate from crystal structural

perspective as discussed above, instead of electronic contribution.

4.4. Conclusion

In summary,a comprehensive study on NazO; as an ultrdow voltage anode
for Na-ion batteries is reported. The cyclability and coulombic efficiency are significantly
enhanced, due to increased electronic conductivity and reduced SEI formation by carbon
coating. Na ful cell with high operating voltage is demonstrated by taking advantage of
the ultralow voltage of NaTlizO; anode. The selfelaxation behaviour for fully
intercalated phase, WE3O;, is shown for the first time, which results from structural
instability as suggested by first principles calculation* Ti Ti** is the active redox
couple upon cycling based on XANES characterization. These findings unravel the
underlying relation between unique properties and battery performance ;0f;Ofa

anode, which sbuld ultimately shed light on possible strategies for future improvement.
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Chapter 4infull,i s a r epr i ntNabdfO; as dnalltrdova vokagei a | )
anode material fora N@an batterp as it aChgmea Communicatidnd Xu,
C. Ma, M. Balasulamaniany. S. Meng 2014, 50, 1256The dissertation author was the
co-primary investigator and author of this paper. All the experiment parts were performed

by the author except for the computatbpart
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Figure 4.1The (a) XRD and (b) (c) SEM images ofamthesized N&i30; powder.
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Figure 4.5.TEM images for (a) bare and (b) carbooated NarlizO; at pristine state.
TEM images for (c) bare and (d) carbomated NaTiz0; after T discharge.
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LixTizO7 and NaTizO; respectively. The narrow bar is forLizO; and wide one for
NaxTi3O7.
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Chapter 5. Investigating the Energy Storage Mechanism of SBSGO Composite

Anode for Advanced Nalon Batteries

Tin sulfide reduced graphene oxide (SA&O) composite material is investigated as an
advanced anode material for dm batteries. It can deliver a reversible capacity of 630
mAh g with negligible capacity loss and exhibits superb rate performance. Here, the
energy storage mechanism of tlaS-rGO anode and the critical mechanistic role of
rGO will be revealed in detail. A synergistic mechanism involving conversion and
alloying reactions is proposed based on our synchrotraayXliffraction (SXRD) andh

situ X-ray absorption spectroscopy (XAS) results. Contrary to what has been proposed in
the literature, we determined thatJdSaforms instead of N& at the fully discharge state.

The as formed N&, works as a matrix to relieve the strain from the huge velum
expansion of the N&n alloy reaction, shown in the high resolution transmission electron
microscope (HRTEM). In addition, the Raman spectra results suggest that the rGO not
only assists the material to have better electrochemical performance by mgventi
particle agglomeration of the active material, but also coordinates witbndahrough
electrostatic interaction during the first cycle. The unique reaction mechanism in SnS
rGO offers a welbalanced approach for sodium storage to deliver high tgpamng-

cycle life, and superior rate capability.

47
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5.1.Introduction

The pressing demand for economically accessible and environmentally benign
energy storage technologies has strongly promoted the needidotific study in this
area. Alternative energy storage systems to lithioimtechnology are drawing more
attention in the field of rechargeable battefi&s.The large abundance of Na, low cost,
and suitableedox potential of rechargeable idm batteries (NIBs) show great promise
for energy storage applicatioh®esearch on NIBs can be traced back to the 1970s, when
Delmas et al began to study the structure properties gfN}@,>® The major obstacle
in realizing NIBs in practice was the absence of suitable negative electrodes. On the other
hand, the research and commercialization of lithiam batteries (LIBs) gained huge
success due tché discovery of the graphite anode in the 1980%s a result, limited
efforts were devoted to NIBs in the last two decades.

Because the demand for largeale batteries for electric energy storage system
increased, th research interest in NIBs was revitalized in 2010. Although several
breakthroughs were made on cathodes for NIBs, the anode remains as the main
bottleneck®**° Graphite gained mais® attention because of LIBs; howevalaions
are not able to intercalate unless diglypased electrolyte are used by adopting a co
intercalation mechanisii. Therefore, several negraphitic carbon anodes have been
studied® Tin and tirbased compounds have dramuch attention as higtapacity NIB
anodes because of the theoretical stoichiometry gf9¥@a(847 mAh @') and low redox
potential** Various Srbased materials were explored as potential high energy anodes for

NIBs. 210679197 Eor instance, Komaba et al. demonstrated that Sn powder electrodes

with polyacrylate binder delivers a capacity of 500 mAhiig aprotic Na cells for 20
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cycles'® SnSnSC nanocomposites have demonstrated reversible capacities of 664 mAh
g* at20 mA g' and 350 mAh g at 800 mA ¢.%” Kim and ceworkers reported the use
of SyP; as a promising anode material, which delivers a reversible capacity of 718 mAh
g’ with stable cycle performanc®.Very recently, we proposed a ndv&nS-rGO
composite anode with excellent electrochemical performance for RiBse SngrGO
electrode demonstrated &h reversible capacity (630 mAK'@t 0.2 A @), good rate
performance (544 mAhat 2 A g'), and long cycldife (500 mAh g at 1 A g for 400
cycles). In this material, intuitively, the SnShould first undergo a conversion reaction
with Na to brm Sn and Ng&. Then Sn should further alloy with Na to formb&n
alloy phase. However, a more-depth study of the Sp8GO composite reveals a
sophisticated reaction pathway.

A comprehensive study on the energy storage mechanism gfG@Scompode
as the anode material in NIBs is reported. The structural evolution and phase
transformation of the electrode upon discharge/charge are tracked by synchrofnpn X
diffraction (SXRD) and highresolution transmission electron microscopy (HRTEM). It is
found that Sn appears as an intermediate product which then turns is8myNaloy
during sodiation. Moreover, N&, is confirmed as the final reaction product rather than
NaS. The Sngbecomes amorphous upon insertion/removal ofdda after a full cycle.
Meanwhile,in situ X-ray absorption spectroscopy (XAS) was utilized to elucidate the
local structure evolution and reveal the detailed sodiation mechanism. We observed a
synergistic nrechanism which reveals the occurrence of simultaneous conversion and
alloy reactions. The importance of this unique mechanism is discussed in terms of

reaction kinetics and cycling performance. In order to determine the contribution of rGO
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in the electrocamical performance, the charged/discharged samples were characterized
by Raman spectroscopy. Here, rGO prevents particle agglomeration during the formation
of SnS, which will be explained in further detail. These studies enable us to understand
the undening principles that allow SnSGO to achieve excellent electrochemical

performance; therefore, providing guidelines to design advanced anode materials for

high-energy NIBs.

5.2.Experimental

The materials were synthesized following previous publishetk.#ioGraphite
oxide (GO) was prepared from gr apHh’Thee powd
typical synthesis of SB8GO composite is as follows: 0.7015 g S#Cb.E (Alfa Aesar)
and 0.6014 g thioacetamide (TAA) (Sigikdrich) were added to 40 ml of 1.5 mg Ml
GO suspension undestirring. The mixture was sonicated for 30 minutes before
transferring it to a 50 ml Teflehned stainless steel autoclave and heated at 160 € for
12 hours. After cooling to room temperature, the solid product was centrifuged, washed
with deionized wateand absolute alcohol (three times each), and then vacuum dried at
60 € overnight. Pure SnSwas synthesized under the same conditions but without the
presence of GO. The dried product was then heated in Ar at the rate of 5 € rlitutes
400 € and mantained for 4 hours. The material was characterized by a Philips XL30
environmental scanning electron microscope (ESEM) operating at 10 kV, and an FEI
Tecnai G2 Sphera transmission electron microscopy (TEM) operating at 200 kV. Powder

X-ray diffractions )RD) wer e recorded on a Bruker pXREL
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The samples characterized by XRD were obtained by disassembling the cycled
batteries in an argon filled glovebox. The electrode materials were washed using battery
grade dimethyl carbonate (DMC) #w times, then stripped off from the aluminum
current collectors. The powders from the cycled electrode were then mounted in the
hermitically sealed capillary tubes fex situXRD. Powder diffractions of all samples
were taken using synchrotron XRD at thdvanced Photon Source (APS) on beamline
11-BM (I = 0.459 A). The beamline uses a sagittal focusethyX beam with a high
precision diffractometer circle and perfect Si (111) crystal analyzer detection for high
sensitivity and resolution. XRD patterns wer col | ect ed bet ween O.
angles.

X-ray absorption spectroscopy measurements were performed -BM-B)
beamline of Applied Photon Source (APS) at Argonne National Laboratory. Customized
coin cells were used to prevent the sample contammalfi@asurements at the Sn K
edge were performed under transmission mode using gas ionization chamber to monitor
the incident and transmitted-pdy intensities. A third ionization chamber was used in
conjunction with a Stfioil standard to provide internahlibration for the alignment of the
edge positions. The incident beam was monochromatized using a Si (111)ciystadé
fixed exit monochromator. Harmonic rejection was accomplished using a rhodaied
mirror. Each spectrum was normalized using datacgssing software package
IFEFFIT.®

The cycled electrodes were washed with battery grade DMC to remove any
residual salt. In an argon filled glovebox, the electrodes were placed in a customized

Raman sample holder to prevent air exposure during the analysis. Using a Renishaw
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inVia Raman Micoscope, the samples were exposed to a green laser (532nm wavelength)
with a spot size of 5 um in diameter for 20 seconds at one acquisition. The laser intensity
was 10% in order to minimize sample damage. All of the samples were taken from 250
2000 cm spectra range and with a 40x objective lens.

Electrodes were prepared from slurries containing 80 wt% of active material
(based on the total mass of SH6GO composite), 10 wi% of Nalginate as a binder,
and 10 wt% Super P carbon black as a carboniaeldit deionized water. The slurries
were then casted on aluminum foil and dried in vacuum at 80 €. Typical loading of the
active material was 2 mg ¢mA glass fiber GF/F (Whatman) filter was used as the
separator and 1 M NaRk a 1:1 (v/v) mixture okthylene carbonate (EC) and diethyl
carbonate (DEC) was used as the electrolyte. Battery assembly was carried out in an
MBraun glovebox (HO < 0.1ppm). Galvanostatic discharge and charge at various

current densities were performed on an Arbin BT2000 tyattgler.

5.3.Results and Discussion

5.3.1. Electrochemical Performances of SRSGO

Figure 5.1(a) shows the galvanostatic chaxdjecharge voltage profiles of the
SnS-rGO composite electrode at the current density of 0.2 Atghe 1st, 2nd, 20 and
100th cycles. In the first cycle, the material exhibited a reversible capacity of 630'mAh g
! with 75% coulombicefficiency. After 100 cycles, the anode maintained a capacity of
627 mAh ¢*, exhibiting excellent capacity retention. In our previouskythis material
demonstrated superb performance at high current gienssitch is shown in Figure 5%

Although the voltage profiles look smooth without any voltage plateaus, the
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corresponding dQ dV curves for each cycle plotted in Figubel (b) indicate that
multiple reactions occur during electrochemical cycling. In the first cycle, a reduction
peak aound 1.7 V is assigned to the intercalation of theid¥s into Sng (0 0 1)
plane’® The major reduction peaks around 0.7 V is due to the combination of the
synergetic conversion and alloying reactions as well as the irreversible formation of the
solid electrolyte interphase (SEI). The peaks around 0.3 V and 0.01 V could be ascribed
to the formation of NeSn and N&S phasesDuring the charge statéhe oxidation peaks
around 0.3 V and 0.7 V originate from the desodiatioN&Sn and N&S phasesThe

broad peak from 1.0 V to 1.5 V is attributed to the desodiation of th&rN\&loy phases

and the reformation of SaSThe peaks in the dQ d\curves overlap over subsequent

cycles, indicating good stability and reversibility after the first cycle.

5.3.2. Structure Evolution Characterized by SXRD andn situ XAS

To obtain direct evidence of the phase transformations during electrochemical
cycling, we carried ouex situSXRD analysis on the Sa8GO electrode at different
discharge and charge states. The XRD pattern at the pristine state confirmed the
crystallinity of the assynthesized SnSand was indexed as trigonal space group P3ml
(Figure5.3). As shown in Figure 5.4he diffraction peaks of the SpBhase gradually
disappear during the discharge state while two broad peaks around 9.1°and 13.2°appear,
indicating the formation of Sn phase. At 0.3 V, the XRD patterns of the discharged
electrode matched well with the diffraction patterns of Sn. By applying the Scherrer
Equation to the two most intense XRD peaks, the Sn particle size is less thatf’3 nm.

After further discharge, the Sn diffraction peaks disappeared, aecoed by the
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appearance of two new broad peaks around 7.0°and 11.5? The newly observed peaks are
resulted from the N&, phase. From these observations, it clearly demonstrates that
nancsized Sn particles first nucleate from the conversion reactibla@nd Sng Later,
the increasing quantity of Na in Sn host structure results in the formation of amorphous
Na-Sn alloys through a series of phase transitions, thus the crystalline Sn diffraction
peaks disappeare@™ In the Liion system, it is widely acknowledged Sn®acts with
Li-ions to form LS. Therefore, previous publications assumed tha® S;ompounds
react with Naions to produce N&°%"**?However, the observation of p& phase in this
work is intrinsically different, as it could originate from the differences betweéhdrnd
NaS alloys!® After charging the electrode to 1.2 V, the Sn diffraction peaks began to
appear and dominaté &5 V. This is the result of the dealloying reaction from theSNa
alloy. Simultaneously, the XRD peaks of the,8aphase dwindled until it disappeared.
When the electrode was charged to 2.5 V, there were noedefatled XRD peaks
detected. This suggessthat the Sn converted to a phase with low crystallinity or to an
amorphous state, presumably &nSlt is interesting to note that the
appearance/disappearance of,$daoccurred along with the N&n alloying reaction,
indicating that the conversion and alloying reactions happen simultaneously in the lower
voltage region. This synergistic effect can accelerate the kinetics of the reactions and
improve the structure staltyf of the material® In situ X-ray absorption spectroscopy
(XAS) was performed at the Sn-édgefor the active electrode material to reveal more
time-resolved information and track the evolution of local structures.

Figure 5.5represents Fourier transforms of the selected Seddgeé EXAFS

patterns as a function of cell voltage. The peaks around h8dA3.4 A in the pristine
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sample are related to the-Snmand S¥Sn interactions, respectively. As the electrode was
discharged, the intensity of both peaks decreased significantly due to the displacement of
reactive species during the conversion reacfid@anwhile, a peak around 2.77 A began

to appear and continued to grow upon discharge, belonging to48a Biteraction in the
phase of Sn that nucleated from the conversion reatfioff. The SrS peak was
observed until the final discharge state, showing the depletion @f BmSformation of
Na-Sn alloy phases are determined by the decrease in interatomic distanesrosisel!

from 2.77 A to 2.74 A at the fully discharged st&t&Given the amorphous feature of
Na-Sn phases and their similar-Sn bond length to Sn metal; it is hard to determine the
exact voltage at which they begin to form. However, previous reports claim tkanh Na
alloy reactions occur starting at 0.7'%* Therefore, we propose that the Sn metal
generated from the conversion reaction alloys withidwas before all the SnSis
converted. This is regarded as a synergistic mechanism since it takes advantage of both
the conversion and the alloying reaoso The fast kinetics pertaining to the alloying
reactions reduces the cell polarization and theSNeatrix formed in the conversion
reaction helps to accommodate the huge volume variations-&nNaloys. During the

first charge, consistent with XRD g@lt, the SHS peaks appeared accompanied by the
disappearance of the S8n peaks. At 1.2 V, we observed both theSSinteraction from

SnS and SRSn interaction in the N&n alloy phases, which indicates that SpBase

was being reconstructed at thisltage. Comparing the XAS results to the XRD results
(Figure5.6) at 1.2 V, the N&bn dealloying reactions were occurring as the sn@re
forming; therefore, the alloying and conversion reactions occurred simultaneously again

during the charge. The S peak at the fully charged sample has smaller interatomic
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distance and intensity compared to the peak of the pristingr&tssample. Meanwhile,

the SASn interaction of the pristine sample did not regenerate at the fully charged state,
demonstrating the faation of naneclustered Sngrather than crystalline Sahase (as

in the pristine statef. Both of the EXAFS and XRD observations portray that the long
range ordering decreases &akions are inserted in SaSstructure, due to the
transformation from crystalline to amorphous found in the active material. After all, the

in situ XAS provides more evidence for the synergistic reaction mechanism far SnS

5.3.3. TEM Studies of the Cycled Materials

In order to futher confirm the proposed reaction mechanism, the cycled
electrodes were characterized by HRTEM to obtain a direct image of the structure. Figure
5.6 (a) shows thesnS-rGO electrode after the first discharge where the nanoparticles
(~10 nm) were embedded in an amorphous matrix. The nanoparticles -&re dNays
that originated from the narmystalline Sn formed during conversion reaction.
Comparing the size of the Ngn alloy to Sn metal (~3 nm), the volume of the rano
particles expands by more than 300%. Therefore, the amorphopS Nwatrix
surrounding the nanoparticles relieves the strain from volume expanBmen.co
existence of amorphous p& and NasSn, phasesare also identified by selected area
electron diffraction (SAED) (Figurés.6 (b)). The diffusive rings from the N&%
diffraction is more pronounced because it occupies the major space of the selected area,
while the diffraction patterns from NsSn pha® are relatively faint. Figure 5.6c)
shows the TEM images from another area in the discharged electrode material. Here the

lattice fringes could be observed from the nanoparticles because they were on the surface
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or the edge of the amorphous matrix. THED diffraction patterns show the existence

of Na;sSn, phase with amorphous features. It is difficult to identify thesSlia, phase by
solely relying on the XRD patterns because of the lack of long range ordering and
particle distribution within the Na2Sand rGO matrix. Therefore, the HRTEM and
SAED provided more information about samples after sodiation. The TEM image of the
electrode material at the fully clyged state is present in Figure $§. Here, the material
became completely amorphous and reaclgrain boundaries were observed within the
particle. Correspondingly, the SAED result demonstrates that the amorphoush@s8&
forms at charged state, which is also consistent with our XRD and XAS studies
mentioned above.

Based on the characterizat®othus far and considering the amount of Na storage
capacity according to the electrochemical restitts,overall reaction equation could be
written as follows:

SnS + 2Na + 26 Sn + NaS; (theoretical capacity: 293 mAR'Yy[eq. 1]

Sn + 3.75Na+ 3.75é% Nag7Sn (theoretical capacity: 549 mAH)jeq. 2]

The overall theoretical capacity for SnS 842 mAh g. Considering there is 12%
rGO in the composite material which delivers negligible reversible capicite

theoretical capacity for Se$GO is 740 mAh g.

5.3.4. Study the Composite Material by Raman Spectra

Raman spectroscopy was used to characterize the pristine and cycled electrodes in

order to determine the properties of rGO and,SR&ure 57). As previously stated, the
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2H-SnS nanoparticles used in this study correspond to thePBm1 space group. h
crystal structure contains three atoms per unit cell extending in a sandwich layer.

The irreducible representations of theypoint group are found at the center of
the Brillouin zone, ©U:

0 =g+A&y+ 2A+ 26,

These optic modes can be divided ithoee Ramasactive modes (£, Ej) and
three infrareeactive modes (4, E,).'%"*%

In black, the pristine electrode exhibits a sharp peak at 314:8 which
corresponds to the 1) Raman active vibration mod&*°"*** Meanwhile, therGO is
characterized by the graphitic G band located at 15943, evhich is related to the
vibration of the spbonded carbon atoms in a two dimiensl lattice (Table 5)1 The
disorder and defects in the hexagonal graphitic layer corresponds to trel[2ti1350.3
cmit 811011213 g shown in our previous work, the intensity ratio of the D band to the G
band (b/lc) was calculated as 1.2 (Table 5.Which resulted from the decreased sp
domains and unrepaired defects during the reduction of'&5the electrode discharged
to 0.01 V (in red) shows the elination of the Ag peak for SngRaman vibration mode,
which demonstrates the full consumption of gM%oreover, thed/ls ratio drops to 1.02,
suggesting that rGO is involved during the sodiation proddss.change in intensity
ratio (I/lIg) is an indication that the rGO sheets order themselves through an electrostatic
interaction, which can occur between the rGO sheets aridri¥a™® Once the electrode
is fully charged to 2.5 V (blue), the/l ratio of the rGO sheets returns to 1.3, close to
the pristine state. This &sn indication that N#on could reversibly insert/remove from

the rGO, presumably due to the increased distance of the carbon layers. The intensity
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ratios and peak positions are summedim Table 5.1The appearance of.fApeak in the
Raman spectrum (bd) for fully charged electrode suggests the good reversibility of. SnS
However, we observed a red shift in the broag iAfrared vibration mode, which is
attributed to the formation of nanoparticles and is in agreement with the above mentioned

resultst®

5.3.5.The Effect of rGO

Not only does the rG@®lay a role in accommodating the 48aalloy but more
importantly, it also allows for the pristine Sn® be fully consumed and prevents
particle agglomeration. Figure 5sBiows the Raman spectra taken for each electrode at
three different spots. This walone to ensure proper reproducibility within the electrode,
given that the Raman has a spot size of 5 pm in diameter. Forr&t€s electrode, all
three spots exhibit the disappearance of thgpak at the fully discharge state and the
occurrence of A, peak at charge state (Figure faB8and(b)). This proves that the SpS
is fully consumed in discharge and reformed in charge state, as discussed in Figare 5
contrast, the bare Sp$lectrode showed varied results among different spots. In Figure
5.8 (c), the A, and E peaks from SnSphase were present after the electrode was
discharged to 0.01 V, demonstrating that not all of the, 8n&nsumed in the bare SNS
electrode. At the fully charge state, Raman spectitigach spot within Figure 5@) is
significantly different, indicating that Sa$ not regenerated uniformly throughout the
electrode. For instance, spot 3 shows that there is no Raman vibration mode jfor SnS
nanoparticles, while spot 1 displays a strongpeak. These variations within the Raman

results at different spot positions indicate that the formation of 8nhebare Sng
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electrode is not fully reversible or uniformly distributed. Therefore, some @adcle

agglomeration occurred during theache process. Clearly the rGO plays a critical role in
evenly dispersing the SpParticles during electrochemical cycling. The rGO allows for
a thorough depletion of SpSat the fully discharged state and prevents particle

agglomeration during the chargstéte, thus facilitating the reversibility in reactions.

5.3.6.Energy Storage Mechanism of SngsrGO

The proposed energy storage mechanism according to the systematic
characterizationsabove is summarized in Figure 5.®uring the discharge, the
conversion reaction between Srad Naions is the major reaction that occurs above 0.8
V, which generates Sn nanoparticles and amorphouy$,NBefore all the SnSis
consumed, the alloy reactions between the Sn metal afonsdegin, leading to N&n
alloy phases. Therefore, during this region the conversion and alloying reactions happen
simultaneously, denoted as the 'conversion + alloying' region. Upon further discharging,
the alloying reactions become more dominant below 0.3 V. At the final stdiscbfrge,
the nanesized NasSn, and NaS, matrix are the final reaction products. The specific
capacity calculated based on this reaction is 842 miAfogSnS and 740 mAh @ for
SnS-rGO, which correlates well with our electrochemical results. [Quitve charge, the
whole reactions are reversed so that thesBig first de-alloys and reforms Sn metal.
Then the Sn metal further reacts with,8ato reconstruct the Sa$hase. Once again,
the alloying and conversion reactions happen concurrently betiw8e/ to 1.5 V. With
all the NaSn alloy phases transferring to Sn, the conversion reaction becomes the major

reaction again, similar with the beginning of discharge. However, the [@reSe that
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formed at the final state of charge is no longer crys&llind becomes amorphous. The
Raman spectra results suggest that the rGO also reacts reversibly withitms Naring

this process, reflected by the reversible carbon D band and G band intensity ratio change.
Although the detailed rGO mechanism is yet® determined and the electrochemical
data for rGO cycled in half cell shows insignificant reversible capacity, we believe that it
is still a very interesting phenomenon. This result may inspire us to conduct further
research on graphite based anode nateior NIBs. Meanwhile, it is clearly
demonstrated that rGO largely prevents particle agglomeration during electrochemical
cycling, which helps with a complete and uniform consumption of,.S@8erall, the
excellent electrochemical performance of the cosie material should be mainly
attributed to the synergistic mechanism of Srsihce it is the major active material for
Na-ions storage. The fast kinetics of the alloy reactions solves the long term criticized
problem of high voltage hysteresis and poaite performance from conversion reaction.

In return, better cycling performance can be achieved with th&,Naatrix, which
solves the volume expansion problem caused by the alloying reactions. With the
assistance of rGO, the unique conversalnying mechanism in SnSGO offers a well
balanced approach for sodium storage to deliver high capacity;clahg life, and
superior rate capability. We believe that the nanocomposite materials design principles
from this study can also be applied to othereys that involve both conversion and

alloy reactions, such as SnO,,6p, or SnS.
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5.4. Conclusion

An in-depth understanding of the wunderlying relation between Na
insertion/extraction mechanisms and electrochemical performances is essential to
improvethe performances of Nan batteries. In this work, a novel Na anode material,
SnS-rGO, has been comprehensively investigated using SXRD, XAS, TEM, and Raman
spectroscopy. The material demonstrates a capacity of 630 riAhith excellent
capacity retentin and rate performance. Contrary to what has been proposed in the
literature, NaS; instead of NgS forms during the synergistic reaction, as confirmed by
the XRD and SAED results. The interatomic distance change-&nhSnteraction in the
EXAFS resultsindicates that N&n alloy phases form during the discharge, while the
SAED observations identify the alloy phase to be amorphows$SNaHighly amorphous
SnS forms after one full cycle, presumably due to the breakdown of pristingir8oSn
nanoparties during the discharge. The synergistic mechanism that takes advantages of
both conversion and alloying reactions ensures the high specific capacity, long cycle life
and fast kinetics. The rGO allows for effective dispersion of the pristine @arficles
and prevents the agglomeration of the nrarzed reaction products. Besides serving as a
matrix to mitigate the mechanical strain, the rGO also reversibly reacts witimNiathe
first cycle. Benefited from both synergistic effect and the assistanc&@f highly

efficient and durable sodium storage is achieved by this-&5S anode in NIBs.

Chapter 5, i n ful |, Investigaing the gnergy rstorage f t h
mechanism of SEGO composite anode for advancedlNa batteriee as it appea

the Chemistry of MaterialsC. Ma, J. Xu, J. Alvarado, B. Qu, J. Somerville, J. Y. Lee, Y.
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Table 5.1. Raman vibration modes of peaks found in Figure 5.7

Sample Vibration mode  SnS (cm?)  rGO(em?)  Ip/lg
D 1350.3 1.2
Pristine Electrode G 1594.1
Axg 314.8
D 1343.2 1.02
Discharge 0.01V
G 1594.1
D 1351.6 1.3
Charge
G 1598.1
25V
A2u 361.1
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Table 5.2. Raman vibration modes for $ftéind in Figure 5.8

Sample Spot Vibration mode SnS (cm™)
Az 348.5
Discharge 0.01 V 1-3

Ey 179.0
Az 349.8

1
Ey 175.7
A2u 345.5

Charge 2.5V

2 = 221.2

Ey 175.7




Chapter 6. Exploring Oxygen Activity in the High Energy Nag 7éNip.23VIN ¢ 640>

Cathode Material for Na-lon Batteries

Largescale electric energy storage is fundamental to the use of renewable energy.
Recently, research and development efforts on ftwonperature sodiusion batteries
(NIBs) have been revitalized, as NIBs are consideredhising, lowcost alternatives to
the current Liion battery technology for larggcale applications. Herein, we introduce a
novel layered oxide cathode material oIN&lig 2dMNg sd0-. This new compound provides
a high reversible capacity of 138 mAH gnd an average potential of 3.25 V vsNa
with a single smooth voltage profile. Its remarkable rate and cycling performances are
attributed to the elimination of the 22 phase transition upon cycling to 4.5 V. The first
charge process yields an abmatly excess capacity which has yet to be observed in
other P2 layered oxides. Metal-édge XANES results show that the major charge
compensation at the metal site duringibia deintercalation is achieved via the oxidation
of nickel (NF") ions, whereasto a large extent, manganese (Mn) ions remain in their
Mn** state. Interestingly, Electron Energy Loss Spectroscopy (EELS) and gaff X
Absorption Spectroscopy (sXAS) results reveal differences in electronic structures in the
bulk and at the surface ofeetrochemicallycycled particles. At the surface, transition
metal ions (TM ions) are in a lower valence state than in the bulk, and thedQeKpre
peak disappears. Based on previous reports on relatedcéss LIB cathodes, it is
proposed that part dhe charge compensation mechanism during the first cycle takes
place at the lattice oxygen site, resulting in a surface to bulk transition metal gradient. We

believe that by optimizing and controlling oxygen activity, Na layered oxide
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materialwith highercapacities can be designed.

6.1. Introduction

The effective use of renewable energy is one of the most important issues that
need to be addressed in order to achieve a sustainable $btiRgnewable energy
sources such as solar and wind energy do not produce electricity in a consistent manner,
thus, a largescale emrgy storage system is required to integrate the intermittent energy
into a stable power supply that can meet consumption in real time-eHayiyy Liion
batteries (LIBs) are expected to contribute to the solution; however, the expected increase
in the cst of raw lithium, as compared to abundant and-¢ost Na, has led to a
resurgence of interest in roetemperature N#on batteries (NIBs) as potential, cheaper
alternatives for largscale applications. Furthermore, rechargeable NIBs share many
similarities with LIBs, thus statef-the-art LIB technologies can provide some direction
and speed up progress in NIB research.

The easy synthesis of layered transition metal oxidegTNMi@, (0 < x < 1 and
TM = transition metals), and their promising electrochainpcoperties, have resulted in
a large number of recent reports on this family of NIB cathode mat&riafs®’ In
Na,TMO,, TM ions reside within layers of edge sharing metatle (TMG;) octahedra,
while Narions are accommodated between the layers. The most common structures are
O3 and P2type, according to a classification devised by Delmiaal, whereNa-ions
occupy octahedral (O) and trigonal prismatic (P) sites, respeciivehe number
following the sodium coordination environment describes the number of, Ta§ers in

the unit cell. P2 and O3 structures differ in their oxygen stacking sequence, namely
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ABCABC stacking for O3 @ad ABBA stacking for P2, leading to different
electrochemical characteristics. On the one handty@& materials are less structurally
reversible when cycled above 4.0 V. Their rate performance is also lower bé&use
ions need to diffuse through faskared interstitial tetrahedral sités*?® On the other
hand, P2ype materials, as synthesized, containvideancies in the Na layers. Thus,
when cycled vs. amNa metal anode (and a large -Becess), an apparent first cycle
coulombic efficiency of above 100% results, the discharged material containing fewer
Na-vacancies. The large fraction of these unoccupiedidtasites in asynthesized P2
materials leads tproblems in terms of electrode balancing in full c&lisoreover, P2

type materials undergo phase transitions at high voltage that result in shortened cycle life
and poor rate capability?***Two approaches have been used to alleviate this issue, the
first one being tdimit the high voltage cutoff to 4.1 V to avoid the-B2 transition. In
NaMn23Ni130,, this leads to an increase in capacity retention from 64% to over 95%
after 10 cycles®® The second approach is to substitute Ni for an electrochemically
inactive element, such as Li, to delay structural transitions at higher voltageping in

this family of materials was first explored by Johnson and coworidrs,showed that

the P2Nay oLio oNip29Ving 750, cathode material displays a single smooth voltage profile
up to 4.2 V, and excellent cycling and rate capabilities. following study from our
group demonstrated that thedoped P2Nag gdio.1Nip 2qVINg 6602 Maintains its structure

up to 4.4 V and exhibits more than 95% of its initial capacity after 50 cytlse study
determined that the presence of monovalenbns in the TM layers allows morda-

ions to reside in the prismatic sites in thepaspared material @upon charge. Thus, the

phase transformation is delayed upon Na deintercalation, the P2 structure is retained in
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the high voltage region, and the cycling performance is improved.

Despite a large number of recent studies on various Na layered oxideesathod
with different TM compositions, as discussed in a recent review pHpbere was rarely
report on the redox activity of oxygen anions in NIB cathode materials. It is now widely
accepted that the participation of both metal and oxygen ions in the redox reaction
mechanism leads to high energy density irexéess LIB cathode aterials*? **” This
topic is of great relevance to thdBNcommunity, as oxygen participation in the high
voltage redox reactions could open gw perspectives for the design of high energy
NIB cathodes. Only very few recent studies o TWO, materials have suggested the
participation of oxide ions in the rexl processes takes place upon Na electrochemical
extraction, e.g., in RRiaMyMn;,0, (M = Li, Mg) cathode materiald®*°, and apart
from Yamada and c o wiNi’R e rENE'/Nitoredex potential E ( N i
paradox:*! little experimental evidence has been provided to confirm the contribution of
O-based charge compensation phenomena to the observed capacity of the Na positive
electrodes. Inspired by previous work by Datral, who showedhat metal vacancies
can facilitate oxygen atom reactivity in cathode mateff&lswe modified the
stachiometry of P2NaNiyMn,O, to design a high Na content, Tdkficient, P2
Nag 7dNig.2dMng 602 compound. While the large Nan reservoir is expected to stabilize
the P2 structure up to high voltage, the TM deficiency is expected to activate the oxygen
anion redox in the Na layered oxide. The stoichiometry of the compound,
Nag 79Nio.24MNp 61,99 (NOrmalized to Mn), was determined by inductively coupled
plasmaoptical emission spectroscopy (ICFES) and confirmed by Ni/Mn +€dge XAS.

Herein, we report on the synthesis and characterization of the novel layered oxide
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Nag 7dNio.2dMnp ef2. This matemrl consists of a single P2 phase and performs very well
as a high energy density rechargeable NIB cathode. The abnormally high capacity
observed on first charge is thoroughly investigated. b@mgie and shortange structural
changes are monitored usieg situ XRD and solidstate Nuclear Magnetic Resonance
(ssNMR). The participation of oxygen anions in the initial charge compensation

mechanism is explored using EELS and XAS techniques.

6.2. Experimental

An appropriate amount of NaO; (molar ratio of carbonate ions to transition
metal ions is 1:1) was dissolved in 60 mL deionized water, then added dropwise to a 10
ml mixed solution of Ni(NQ@), and Mn(NQ), (Ni : Mn = 1:3 in molar ratio) while
stirring. Then the solution was transferraml a 100 mL Teflodined stainless steel
autoclave and aged at 80€ for 12 h, yielding {B¥Mno.75)COs. The (Np.29MNg.75)CO3
particles were mixed with a stoichiometric amount of,®@; and the mixture was
calcined at 900€C for 12 h in a 50 ml porcelagnucible. The stoichiometry of the -as
synthesized compound was determined by inductively coupled plagtical emission
spectroscopy (ICOES), and the formula of NagNip.24MNo ed01.99 (NOrmalized to Mn)
was confirmed. The morphology of tlassynthesized material was characterized by a
Philips XL30 environmental scanning electron microscope (ESEM) operating at 10 kV.
Cathode electrodes were prepared by mi:
wt % acetylene Dbl ack amndilde wWtPVdFpol v ignd yal
(What man) filter was used nagpriolpg |l e@aparcatrdr

was used as the electrolyte. Battery asseit
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(O < 0. 1ppm). Gal vanodt ataird odiiss chuarrgeentanmnd
performed on a Arbin BT2000 battery cycl el
spectroscopy (EIS) measurements were carr.i

0.01 tez1lwh0gal vanostatitappgdcagt| ecdriebes

charge (open current voltage (OCV), 3.5 V,
The electrodes were assembficeed |i,n whhetkr ¢ d e
materi al was the working eleacunmtoere, ard me
el ectrode. The three electrode cells were
el ectrode configuration allows for proper

Solatron 1287 Potentiost adancwasatuscidf fteor eme
charge and discharge. An equivalent <circu
i mpedance <contributions from the various
software (v. 3.4a, Scribner Associates, | n
The sample characterized by XRD were obtained by disassembling the cycled
batteries in an argon filled glovebox. The electrode materials were washed using battery
grade dimethyl carbonate (DMC) three times, then stripped off from the aluminum
current collectors. T powders from the cycled electrodes were then mounted in
hermetically sealed capillary tubes fex situXRD measurements. Synchrotron powder
diffraction patterns of all samples were collected at the Advanced Photon Source (APS)
on beamline 1-BM (I = 0.459 A). The beamline uses a sagittal focuse@yXbeam with
a high precision diffractometer circle and ih@lependent analyzer sets, providing high
sensitivity and resolution. XRD patterns were collected betwéen5 A and 28. 0 A

angles.
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%Na ssNMR spectra were acquired at room temperature on a Bruker Avance llI
200 widebore spectrometer (4.7 T extermadgnetic field) at a Larmor frequency -of
53.0 MHz. All NMR experiments were performed under 60 kHz magic angle spinning
(MAS) using a 1.3 mm doublesonance HX probe and a recycle delay of 30* s
NMR chemical shifts were referenced against SOMACI at 7.21 ppnf°Naspin echo
NMR spectra were acquired using a 90°radiofrequency (RF) pulde.of0 3 e©s and a
RF pul se at®?b.042. Wahsveese{d) r el axati on times wer
an exponential fit of the decay of the signal isignobtained as the echo delay was
increased in an NMR spin echo pulse sequence. The NMR data were processed with a 1
kHz applied line broadening.

X-ray absorption spectroscopy measurements were performed onBikleDb
beamline at the Applied Photon SoairdAPS) at Argonne National Laboratory.
Customized coin cells were used to prevent sample contamination. Measurements were
performed at the Ni and Mn-Kdge under transmission mode using a gas ionization
chamber to monitor the incident and transmitteday intensities. A third ionization
chamber was used in conjunction with Ni and Mn foil standards to provide internal
calibration for the alignment of the edge positions. The incident beam was
monochromatized using a Si (111) doubigstal fixed exit monoalomator. Harmonic
rejection was achieved using a rhodigoated mirror. Each spectrum was normalized
using the data processing software package IFEFFIT. Soft XAS measurements were
carried out on beamline-8 at the Stanford Synchrotron Radiation Laboratdiyese
measurements were conducted on powder samples pressed on Au foil to avoid

contamination from the adhesive of the carbon tape. Data were acquired under ultrahigh
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vacuum (10 Torr) in a single load at room temperature in total electron yield (TEY)
mode via the drain current method, in Auger electron yield (AEY) mode using a
cylindrical mirror analyzer, and in fluorescence vyield (FY) mode using silicon
photodiodes.

Electron Microscopy work was carried out on adosrected FEI Titan 80/300 kV
TEM/STEM microscope equipped with a Gatan Image Filter Quarg@am All STEM
images and EELS spectra were acquired at 300 kV and with a beam size of ~0.7 A. EELS
spectra shown in this work were acquired from a square area of ~0.5*0.5 nm with an
acquisition time of3 s and a collection angle of 35 mrad. HAADF images were obtained
with a convergence angle of 30 mrad and a large inner collection angle of 65 mrad. To
minimize possible electron beam irradiation effects, EELS and HAADF figures presented
in this work wee acquired from areas without prebeam irradiation. Mn L3 to L2 intensity

ratio analysis was performed using the method described by Want§t al.

6.3.Results and Discussion

6.3.1. Electrochemical Properties oNag 7gdNio.2dMN 6402

The morphology of the asynthesized Nay7dNip2dVNged, particles was
characterized by scanning electron micopsc (SEM), as shown in Figure 6.The
primary ©particle size is around 3 g&m. El e
further material opinization. The electrode active material load was approximately 3
mg/cnf. Figure 6.2(a) shows the galvanostatic charge/discharge voltage profiles of the
Nag 7eNig.2dMno 60, electrode during the 1st, 2nd, 3rd, 4th, 5th, 10th, and 20th cycles, at

0.1 C cyting rate. The material delivers a reversible first cycle capacity of 138 rifAh g
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when cycled between 24.5 V, with a low coulombic efficiency of 75%. In subsequent
cycles, the plateau above 4.1 V vanishes and the coulombic efficiency increases to 97%.
The differential capacity (dQ d¥) vs. voltage plots showmiFigure 6.2(b) clearly
reveal that the long high voltage plateau is irreversible upon cydihgote, the 180

mAh g¢* first charge capacity (equivalent to the removal of 0.66 Na per fornmitlisi
significantly higher than the theoretical value of 121 mAhcglculated on the basis of

the NF*/Ni** redox change. In addition, the long plateau between 4.1 and 4.5 V indicates
a high voltage reaction pathway different from the one observée ilotwv voltage region
(2.0- 4.1 V). As shown in Figuré.3, the behavior in the low voltage region remains
unchanged over a large range of applied current densities (12 to 300)moaghe other
hand, the high voltage plateau shortens significantlyhigher charging currents,
indicating that this high voltage reaction is kinetically sldwgure 6.2(c) shows the
voltage profiles of th&lay 7d\io 2dViNg 64O, electrode discharged at different current rates,
ranging from 0.1 C to 5 C. The material still provides a high reversible capacity of 120
mAh ¢g' at a 5 C discharge rate, corresponding to approximately 87% of the capacity
observed when cycled at a lowate of 0.1 C. This performance is among the best
reported thus far for Na layered oxide matertalsFigure 6.2(d) shows the cycling
performance of th&lay 7d\Nip 2dMNng 64O, cathode when charged and discharged at various
current rates. A 0.1 C cycling (charge/discharge) rate was initially applied and
progressively increased, as indicated on the figure. The discharge capacity is close to 125
mAh g* after ten cycls. An increase in the current density from 0.2 C to 0.5 C, and then
to 1.0 C, results in negligible capacity decrease. Even after foltD@urrent density

increase (10 C), the discharge capacity is still 75 mAhvghich is 60% of the total
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capacity cyted at 0.1 C. After setting the current density back to 0.1 C, the material
exhibits a capacity of 124 mAh'gexceptionally close to the initial capacity. The high
capacity retention discussed above attests to the resilience of-ti& Ry 23N 6402
material to harsh cycling conditions, and to fastibvadiffusion in the structure.

To investigate the origins of the first charge excess capacity further,
electrochemical impedance spectroscopy (EIS) experiments were conducted on the P2
Nag 7dNio2dMnp e, electrode using a three electrode Swagelolcell®. This
configuration allows for proper impedance isolation of the working electrode, while
eliminating the effects of the Na metal counter elect’é4€he material was cycled to a
specific state of charge (SOC) and allowed to reach equilibrium (2 hr rest) before the
acquisition of impedance data. After each impedance measurement, the cell was cycled to
the next voltage step and thecess was repeated. Figure @)Ylshows the Nyquist plots
of the working electrode at 3.5V, 4.1V, 4.5V, and after a second charge to 4.5 V. Upon
electrochemical cycling, the electrode experiences a series of processes in the bulk and at
the surfaceresulting in different suppressed semicircles in Kyguist plots shown in
Figure 6.4 An equivalent circuit is required to fit the data at different SOCs and
deconvolute the impedance response into the various components of the electrochemical
cell. Themodel accounts for the ohmic resistance of the electrolyte (e double layer
capacitance of the electrode/electrolyte interface (CBte resistance due to irreversible
side reactions (fR the charge transfer resistance.Rand the solid statdiffusion
impedance also known as the Warburg impedancg).}{2'*’ Elecrochemical
parameters associated with the equivalentudi are summarized in Table.l As

expected, R does not change significantly upon electrochemical cycling. Below the
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plateau region (3.5 V), the combined resistance of the two suppressed semicircles is
184.5 Y. At 4.1 V, tiduetoelectradyte decosnpositipm Overi ncr e
the long voltage plateau, between 4.1 to 4.5 V, the charge transfer resistance increases
significantly as a result of the formation of a solid electrolyte interphase (SEI) layer and
properties of the particle surface (140. 4
observed in a number of 4eixcess cathode materidfs'*’ As mentioned earlier, the long

high voltage plateau contributes to the excess capacity in the first cycle but does not
persist in the following cycles s Figure 6.2 The EIS spectra obtained on first and

second charge are also very differethe total cell resistance upon second charge is
significantly |l ower (165.7 q) than the res:c
the latter resulting from irreversible surface reactions and structural reorganization during

the initial charging pocess.

6.3.2. Structural Evolution of theNag 7eNig 29MNn ¢ 6402 Electrode upon Cycling

As reported in earlier work, Niand Mncontaining layered oxide cathode
materials are prone to P2/02 phase transformations upon charge above 4.2 V. The P2
phase iseversibly generated upon subsequent discharge to 25%/Although fast Na
ion diffusion can be achieved in the initial P2 phase, the high voltagse pha
transformation is detrimental to the electrochemical performance of the cathode and
inevitably leads to poor rate and cycling capabilities. By limiting the cutoff voltage to 4.1
V the cycling performance can be largely improved, yet at the expensa®tima 40%

of the total capacity’”® The excellent electrochemical properties of the
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Nap 7dNio.2dMnp 62 electrode suggest that the bulk structurgssf@2 and exhibits good
Na-ion diffusion properties upon removal of 0.66 Na per formula unit.

Structural changes in thBla\Nip2dVingedO2 electrode during electrochemical
cycling were monitored by analyzing samples stopped at different states of cra@® (S
using ex situ synchrotron XRD. Lattice parameters were obtained from Rietveld
refinements of the XR[patterns. As shown in Figure 6&), the XRD pattern of the
pristine sample is well indexed in the hexagonal space grogimi®6, confirming that
the assynthesized material is Rgpe and phase pure. Besides, as observed in similar
layered material®**® a small concentration of stacking faults is expected in this
compound, causing unconventional peak profiles which will be discussed in detail later.
The XRD patterns of the partially charged (4.1 V) and fully charged (4.5 V) samples can
also be fitted irthe P@/mmc space group (Figufe6), demonstrating that the overall P2
crystal structure is maintained upon Na extraction. The a lattice parameter, dominated by
the TM-TM distance, decreases upon charge, as expected from the increase in the
average Ni oxdation state, resulting in a shift of the (1 0 0) peak to higher angles. On the
other hand, the c lattice parameter increases significantly, as demonstrated by clear shifts
of the (0 0 2) and (0 0 4) peaks (see Figute(a)), and of the (1 0 and (1 1) peaks
(see Figure 6.5b) & (c)), to lower angles. The screening effect Nd-ions in the
interlayer space becomes less effective, and Coulombic repulsion between successive O
layers increase upon Na deintercalation. However, electrostatic effectstasefficient
to account for the drastic increase in c lattice parameter upon charge, from A1al28
14.224 A. Previous studies on ;N&10, cathodes have speculated that solvent molecules,

as well as salt ions, can insert between the TNé@ers upon Naemoval*®**¥1*°The
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interlayer distance at 4.5 V charge, around 7 A, is close to the values obtained for the
high voltage phases ithese previous reports, suggesting thaiddaremoval from P2
Nag 7Nig.2qMno O, leaves the crystal structure vulnerable to the insertion of solvent
moleculesLower XRD peak intensities are observed upon Na deintercalation, especially
for the fully dharged (4.5 V) sample. Moreoyéhe patterns shown in Figure g5 & (c)
reveal a broadening of the XRD peaks at high voltage, which may indicate that O2
stacking faults are formed in the electrode matétidlhe XRD pattern and lattice
parameters obtained ftre fully discharged sample are very similar to those obtained for
the pristine material, indicating good structural reversibility upon Na reinsertion. Based
on these observations, it is speculated that the larger Na content of x = 0.78 in the as
synthesied material, as compared with conventionaltygiz materials with a Na content
of x = 2/3, prevents oxygen layer shifts and stabilizes the P2 frameleading to the
excellent performance shown in Figure 6.2

While XRD probes longange structural ordelMR gives insight into local
structural changes in the material upon cyclifitla NMR spectra were acquired on as
synthesizedNay 7d\Nip 2dMNo 640, and at different SOCduring the first cycle (Figure 6).7
The major resonance at ca. 1400 ppm in phistine spectrum is an average signal
resulting from fast Na@on motion (on the NMR timescale) between edge and face sharing
prismatic sites in the structure, as reported in our recent NMR study on related P2
NafLi,Ni;Mny,JO.( 0 O x, vy, Is!?Thid averhge Nearesenarit frequency
gradually decreases to ca. 1200 ppm at 4.1 V SOC, and to ca. 1000 ppm at 4.5 V SOC, as
expected from Ni oxidation, and the reduction of the number of unpaired electrons

centered on the nickel ions (from two for’Nio none for Nf*).1*® An additional NMR
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peak is present at ca. 300 ppm at 4.1 V, and at ca. 200 ppm at 4.5 V. These Na signals are
attributed to Na environments createpon water intercalation into the Na deficient
layers, on the basis of prior work on related matetf8i3he low resonant frequencies
resulting from the expanded kg, longer TMO-Na bonds, and weaker TMa
interactions:*® The integrated area under the low frequency peaks reveaNalans in
hydrated layers represent lehan 1/18 of all 0.1 Na left in the material at 4.5 V; this is

a much lower proportion than what was previously observed in similar matéfials,
suggesting littlavater uptake in thex situ(charged) samples. The NMR signal assigned

to the average prismatic Na environment remains highest in intensity throughout cycling,
which testifies of a highly stable P2 structure upon Na extraction and is consistent with
XRD results. The major peak shifback to ca. 1400 ppm in the fully discharged state,
clearly demonstrating the reversibility of the P2 structure upon Na extraction and
reinsertion. OverallXRD and *Na NMR results demonstrate that the loagge P2
structure of the NgydNip2dVIng 02 cathode material is stable and thatal structural

order is recovered upon cycling. As calculated from the first charge capacity, the amount
of Na left in the structure at 4.5 V is around 0.12 Na per formula unit. The rebldual

ions are critical to matain structural stability. The changes observed in the-lang
shortrange structure upon electrochemical cycling do not account for the large excess
capacity observed during the first charge. Therefore, redox reactions taking place in the

material wee examined in more detail usimgsitu XAS.

6.3.3.Bulk Electronic Structure Study usingin situ XAS
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The evolution of the electronic structure and variations in the nickel and
manganese local environments during the first cycle were investigatethwsith X-ray
absorption spectroscopy (XAS) (Ni, 8333 eV; Mn, 6539 eV). In particular;raseved
information on the Ni valence state is crucial to unveil the redox reaction mechanisms
taking place upon electrochemically cycling the material. Comparingsthedard
references, NiO and MnQto XAS data obtained for aynthesizedNay 7dNip 2dVIiNg 6402,
it is evident that the pristine material predominantly consists 6f atid Mrf* ions
(Figure 6.8(a) and (d)). The Ni Kedge shifts to a higher energy region upon charge,
indicating that Ni* is oxidized. The energy shift at 4.5 V& eV, which is much larger
than the shift expected for the NINi** redox changel¥2 eV, Figure6.9), suggesting
that the oxidation state of Ni is close to*Nt****1The inset of Figure 6.@) reveals that
most of the energy shift of the Ni-&dge takes place below 4.1 V, while a minor energy
shift is observed between 4.1 V and 4.5 V. These results indicate that, to a large extent,
the Ni charge transfer reaction takes place in the lowaige region. Upon subsequent
discharge to 2.0 V, Ni ions are reduced back to their divalent state, demonstrating that the
Ni redox reaction is completely reversible.

Ni EXAFS results are shown in Figuée8( c ) , where the two sh
2 . 6 pkésent he ND interaction and NTM interaction, respectively. As Riis
oxidized to Nf*, both the NiO and NiTM interatomic distances decrease. These
changes account for the a lattice parameter decrease observed in the XRD patterns upon
charge. Thevariations in NHO and NiTM bond lengths are fully reversible upon
subsequent discharge, and the interatomic distances ultimately return to their original

values.
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In contrast, Mn ions show only a minor participation in the electrochemical
charge transfereaction and remain essentially all #MrfFigure 6.8 (d) and (e)). Figure
6.8 (f) reveals a slight change in the MiM bond distance in the fully charged state,
presumably resulting from the shorter bond lengths around fidaNis. Trace amounts
of Mn®*" are present in the fully discharged sample, as evidenced by the slight shift of the
Mn K-edge towards lower energies, as compared with the pristine state. This
phenomenon will be discussed in a later section. Overall, it is clear that tetravalent Mn
ions are electrochemically inactive and their main function is to stabilize the layered
structure. On the other hand,2Ni Ni** is the major redox active couple. Given that most
of the N / Ni** redox occurs below 4.1 V on charge, a different charge transfer
mechanism must contribute to the capacity in the high voltage plateau region, between
4.1 and 4.5 V. The tetravalent Mons are inactive, giving rise to the hypothesis that the
lattice oxyg@ participates in the high voltage charge compensation process; these
observations are similar to those previously observed in lit@xoess cathode materials
for LIB systems;?'°? where considerable work has been performed to test this
hypothesis. To explore this further, the EELS and soft XAS techniques are used here to

investigate the electronic structure of td-D ligand in the material.

6.3.4.Surface and Bulk Characterization by EELS and Soft XAS

STEM coupled with EELS was employed to study the evolution of the surface
structure of electrochemicatyycled NayNip dVing 6O, particles. Electron microscopy
data obtained on the -agnthesized material and on samples afterainitharge are

shown in Figure 6.10The layered structure of the P2 material is clearly observed along
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the [0 1 0] zone axis dhe pristine particle (l§ure 6.10(a)). The bright dots indicate the
lighter element (here Na), while the dark dots represent the heavier TM ions. Stacking
faults and defects, indicated with red circles, are also observed in the pristine material.
The presence of structural defeenakes it difficult to acquire high resolution STEM
images, because atoms are not perfectly alignetyacsingle direction (Figure 6.10)).
The HRTEM image shown in Figure 6.{8) was obtained on a cycled patrticle along the
[0 0 1] zone axis. An amiphous SEI layer around3nm thick is observed at the surface
of the particles. A large number of defects are also present in the bulk of the cycled
particles, resulting in blurry high resolution STEM images.

Figure 6.11(a) & (b) compare the EELS spex obtained at the O-Kdge and at
the Mn L-edge for pristine and cycled particles. The evolution of the fine structure and
energy position of the ®& and MnL edges gives insight into electronic structure
changes taking place in the material upon cyclifige Mn L-edge energy positions and
fine structures are nearly identical at the surface and in the bulk of pristine particles, as
well as in the bulk of cycled particles. At the surface of cycled particles, however, the
Mn-L edge moves to slightly lowemergy, suggesting a decrease in the average Mn
oxidation state. In addition, the higher L3/L2 ratio, indicative of the TM oxidation state,
is further evidence for a | oweDiarencesxi dat i
in the O kedge fine structure are observed between the spectra obtained at the surface of
cycled particles and those collected on pristine particles. The first peak at an energy loss
of 532 eV (indicated with a dashed line) almost vanishgkénspectra obtained at the
surface of cycled particles. This oxygen -pemak can be attributed to the electronic

transition from the 1s core state to the O-ZpM 3d hybridized states. The decrease in
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intensity of this peak at the surface of cycled ipke$ indicates fewer holes in the-32g
hybridized orbitals, meaning that surface TMs are in a lower valence state. Moreover,
EELS spectra obtained from a single particle at different surface depths (from surface to
bulk) reveal a gradient of TM valenceates, as depicted in Figusel2

Similar distributions of TM oxidation states across particles, oxygen vacancies
formed at or near the surface of the particles, and variations between bulk and surface
electronic structures, have been extensively regarte.i-excess LIB cathode$§!1>31>*
Different models have been proposed to describe the electronic and structural phenomena
upon charge, such ake transition state theory model and the metal densification
model!***>° Although the exact reaction mechanisms are still under debate, it has been
widely recognized that these transitions are associated with lattice oxygen evolution
occurring at high voltage charge compensation. Here, the similar elecstomature
changes observed on the cyclReNip2dVing O, particles as in Liexcess cathodes,
strongly suggest that lattice oxygen in the P2 material participates in the charge
compensation mechanism at high voltage. While the details of interactions between TMs
and oxygen vacancy are still unclear for Natig# structves, the present study proves
that oxygerbased redox processes can contribute to the observed capacity in NIB layered
oxide cathodes. The ensembleeraged sXAS technique is employed to confirm this
statistically.

Soft XAS (sXAS) is capable of probing checal environments with excellent
surface depth sensitivities by tuning the signal acquisition mode. Specifically, SXAS data
can be collected simultaneously using three detection modes: (1) Auger electron yield

(AEY), (2) Total electron yield (TEY), and X3luorescence yield (FY). Electron yield
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modes vary in penetration depth and are extremely surface sensitive: TEY mode has a
probing depth of 5 nm, whilst AEY has a probing depth of2lnm. The FY mode
probes the bulk of the material up to a depth afuatb0 nnt? Given its impressive
capabilities, this lcaracterization technique has been applied to investigate charge
compensation mechanisms in LIB cathode materials, proving particularly useful in the
exploration of redox reaction mechanisms involving oxygen anions in relation to those
involving TM ions>*** Here, it was used to further test the hyyasis of oxygen activity

in our NIB cathode material.

X-ray absorption peaks corresponding to the metal &3d L2edges are
relatively intense because the-2¢ transition is electric dipolallowed. In addition,
these peaks are very sensitive to oxmastate, spin state, and bond covalence. The most
salient electronic structure can be qualitatively obtained by deconvoluting thddge3
into high-energy (L3ign) and lowenergy (L%w) features. Of note, the ratio between the
L3nigh and L3, integrated peak intensities is in a positive relationship with the TM
oxidation state?

The Ni L-edge spectra obtained in FY mode for the situsamples collected
during the first cycle are shown in Figu&l3 (a). The pristine spectrum clearly
demonstrates that Ni is in digvalent state, the split L8dge feature being consistent with
previous reportd’*****"The bulk Ni oxidation state increases and decreases upon charge
and discharge, respectively, in good agreement withirthgitu XAS data discussed
earlier. The average Ni oxidation is close td*Nit the @d of charge, though a slightly
self-discharge might happen given the high voltage of thsitexcell**® Ni L-edge data

collected on the fully charged electrode using the three different deteuotioles are
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compared in Figure 6.1®). A clear decrease in the nickel oxidation state is observed
from thebulk to the surface of the chargBldyNio 2dMng 602 particles, as evidenced by
the gradual decrease in thepgdto L3, ratio when going from FY to TEY, to AEY
mode®®’ As discussed earlier, a number of reports on lithexvess cathode materials
have shown that surface structural changes and TM redistribution give rise to TM
oxidation state gradients within the particté$>®%°

Preedge peak positions and intensities in the ligaretge XAS spectra provide
important structural information on the chemical bonding between ligand and metal
atomic species. The O-&dge XAS of electrochemicalgycled NawNig 23VIng 6O, is
shown in Fgure 6.13(c). The pristine O Kedge XAS spectra can be divided into two
regions. Preedge peaks below 535 eV are attributed to electronic transitions from the O
1s state to the O 2pTM 3d hybridized state. On the other hand, the broad peaks above
535 eVcorrespond to transitions to O 2fM 4sp hybridized state$! In general, the 2p
- 3d hybridized band can be further divided into a lower energy peak around 529.8 eV,
corresponding to thegdband, and a higher peak around 532.2 eV, corresponding tg the e
band. The peak around 534.0 eV is associated with some sodium oxides or carbonaceous
components that exist on the surface of the active material patficBisice the density
of the empty bound state in the lmcular energy level is related to the hybridization of
the O 2p- TM 3d orbitals, the integrated pezglge peak intensity gives key information
on the average hole state distribution and the average effective charge on oxygen
anions>>** The increase in the pgeak intensity obserdeupon charge is consistent
with Ni L-edge FY results: Ni oxidization creates more holes in the 2@ hybrid

orbitals, resulting in an increase in the O-peak in FY mode. On the other hand, the
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smaller prepeak in the O TEY spectra demonstrates tpat2d or bi t al s on th
surface have more electrons, especially in the antibondiraybétal. This is a clear

indication that TM ions are in a lower valence state at the surface, in agreement with the

Ni TEY and AEY results.

As observed for Lexcess cathode material¥M oxidation state gradients
associated with lattice oxygen charge compensation processes are expected to take place
concurrently with structural and electronic phenomena at the surface of the
particles™*”*>3For the fully discharged sample, the intensity of the Gperk is lower in
TEY mode than in ¥ mode, presumably due to irreversible structural changes at the
surface of electrode particles during the charging process. Althoughe@y& spectra
were also acquired in AEY mode, the peaks assigned to the active material were largely
masked by peaksdm O-containing residual electrolyte and SEI components. Mualde
TEY results are shown in Figure 6.(d. A slight decrease in the Mn oxidation state is
observed upon cycling. In fact, the Nlredge spectra collected on charge and discharge
are similar to those obtained for Mn in Li spinel structures, where Mn was shown to be
reduced at the surfad

Overall, the sXAS results presented in this section are complementary to the
EELS results presented earlier. The bulk to surfeldevalence state gradient observed
for electrochemicallcycled particles suggests that lattice oxygen redox processes take
place upon charge. In addition, sXAS data provide clear evidence for electronic and
structural changes at the surface of the dadicThe excess capacity and high surface
resistance observed during the initial charge process presumably result from a reaction

mechanism comparable to that reported feexc¢ess LIB cathodes.
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6.3.5.Exploring Oxygen Activity in a Na Cathode Material

In Li-excess oxide cathode materials, the participation of oxygen anions in the
charge compensation mechanisms upon electrochemical cycling results in a remarkably
high capacity, and this family of compounds is currently under intense scrutiny for the
develgment of next generation Li batteri€é The similarphysicochemical properties of
Na and Li have encouraged us to design a Na layered TM oxide that displays oxygen
anion redox activity comparable to that observed foeexdess LIB cathodes. In this
study, we showed that tideg 7dNip2dVINg 6402 cathode deliers a first charge capacity of
180 mAh ¢ and discharge capacity of 138 mAH, gvhich are both higher than the
theoretical capacity of 121 mAh'gThe charge compensation mechanism was carefully
studied using a number of advanced characterizé&imiques. As shown in Figure 6,14
the N to Ni** redox couple is active over the potential slope region, extending from the
open current potential (OCV) to 4.1 V during the first charge, while oxygen anions are
involved in the charge compensation mamuksm over the high voltage plateau. The
plateau region accounts for 60 mAH gf excess capacity on first charge. The lattice
oxygen reaction is concurrent with the formation of a surface to bulk TM oxidation state
gradient, as well as with structurahmsformations at the surface of the cycled particles.
Yet the high voltage oxygen redox processes in this material are not as reversible as in
Li-excess compounds; the present work clearly proves that oxygen charge compensation
can take place in P@pe Nacathodes.

It is speculated that the particular Na to TM ratio in the cathode material of
interest to the present study is the cause for oxygen reactions. The stoichiometry of the

compound, NgzsNig24Mng edO1.99 (NOrmalized to Mn), was determined by KCHES and
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confirmed by Ni/Mn Kedge XAS. In addition”Na NMR indicated that alNa-ions are
located in the prismatic layers. Therefore, seven percent of vacancies per formula unit are
expected in the transition metal layer, introducing defects in thénprimaterial. As
shown in Figures.15(a)(b), the (1 0) XRD peaks are much broader than th® Q) and

(0 O1) peaks, the latter two being normal and parallel to the metal planes, respectively,
suggesting the existence of througlane stacking faults the pristine materiaf this is

also supprted by HRTEM data in Figure 6.1@). The effect of TM vacancies is
reflected by he Ni/Mn K-edge EXAFS (Figure 6.1€)(d)). Comparing with a previous
sample (N@ggLio.12Nio.2aMng 6602), in which the TM sites are fully occupiétithe relative
intensity of the peak resulting from the TMM interaction is slightly smaller for the
current compound indicating fewer TM ions in th& gation coordination shell
surrounding both Ni and Mn. Fitting of EXAFS spectra is complicated byrissence

of thesethroughplane stacking faults in the pristine JN&Nip.24ViNg sdO1.99 Material,
resulting in largel® andE, values (Tablé.2).

Previous work by Dahet al.on a lithium layered oxide containing TM vacancies
showed that high irreversible capacity was associated with oxygen release. At the time,
no clear mechanism was proposed to explain this phenomenon. Two more recent studies
by Bruceet al’®* and Cedert al'®*" provided insights into the potential meoisms
leading to O participation in the redox processes which may also apply to the present
study. In Liexcess materials, part of the" kéemoved upon charge can be compensated
by the formation of localized electron holes on the O atoms. The requiresnéhtrédox
is to have an essentially unhybridized 2p orbital on O, which is only possible in the case

of highly ionic bonding (e.g. in ED-Li configurations). Extending the above argument
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to compounds featuring vacancies in the TM layer, either-@-Yacancy or NaO-
Vacancy configurations can potentially also fulfill this requirement. We tentatively
suggest that electrons from O atoms in these ionic environments can participate in the
charge compensation during delithiation/desodiation and contribute #xtess capacity
observed during the charge process. As noted, the localized electron holes on oxygen
render the oxygen unstable and susceptible to elimination from the lattice. Whether
oxygen loss or oxygen redox chemistry dominates relies on thetgtabithe oxidized

lattice O atoms in the crystal structure. In this particular P2 structure, due to the larger
interlayer repulsion of AA stacking, it is likely that oxygen vacancies form in the high
voltage plateau region, causing irreversible capadiying the first cycle. Work is
ongoing to understand the detailed oxygen reaction mechanism in layered TM oxide NIB
cathodes and to identify new material design principles to improve the reversibility of the
oxygentbased redox processes (e.g. differentsT Mifferent oxygen stacking); the results

will be discussed in a future publication.

6.4.Conclusion

In summary, a new Nay7dNig2dMnpef. cathode shows outstanding
electrochemical performance for rechargeable sodambattery applications. The P2
structure of this material is stabilized over a wide voltage window, from 2.0 to 4.5 V. The
stable framework facilitates Na intercalation/deicéation during the electrochemical
cycling process and ensures excellent rate performance. The electrochemical reaction is
mainly based on the Ri/ Ni** redox couple, while Mn is electrochemically inactive and

is stabilized as MH in the bulk of the raterial. An irreversible reaction taking place
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upon initial charge and resulting in capacity degradation in the first cycle was carefully
studied. It is found that the excess capacity during the first charge mainly comes from the
high voltage region and strongly affected by kinetic factors. EELS and sXAS results
indicate a gradient distribution of TM oxidation states from the surface to the bulk of the
electrochemically cycled particles. This gradient is closely related to the formation of
oxygen vacaneis at the surface of material. Therefore, it is proposed that oxygen anions
get involved in the charge compensation process upon initial charge, leading to an
additional plateau at high voltage. This is the first time that compelling evidence is
provided br oxygen vacancies in Nan layered oxide materials. We believe that the Na

to TM ratio has a strong influence on the behavior and structural stability of layered
oxide materials. Further work is required to improve the reversibility of oxpgsad

redox processes on extended cycling.

Chapter 6, i n ful | , ExpleringedOxygem Aativitynin theo f  t h e
High Energy PZIype Na;dNip2dMng e, Cathode Material for N&éon Batterieé6 as i t
appears in th@ournal of the American Chemicabciety C . Ma, J. Alvarado,
Cl ®ment , M. Kodur, W. T 0 2047, 139C(13), BB35Thér ey , \
dissertation author was the primary investigator and author of this paper. All the
experiment parts were performed by the author excepghe EIS, NMR and soft XAS

parts.
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Figure 6.1 SEM images of asynthesized NgygNig 2MNg 6dO0x.
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Figure 6.10(a) High resolution TEM images and (c) corresponding HAADF image of
pristine Na 7gNigp 2dVIng 6402 along [0 1 0]. (b) High resolution TEM images and (d)
corresponding HAADF image of electrochemicatlycled NaNig 23VIng 64O, along [0 O
1].
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Table 6.1. Fitting parametemodedr dhloevne qui

Voltage (V) Rq R; R Total (R; + Ry) Chi-Squared

3.5 1.20 9.532 175 184.5 6.02 x 10

4.1 1.34 12.35 140.4 152.8 2.58 x 104

4.5 (first cycle) 243 30.1 260 2901 1.69 x 10+
4.5 (second cycle) 1.23 459 119.8 165.7 6.13 x 10

Tabel.e2. Anal ysi s -edgd hEeEXARFS annpgle dMtinr &K f or
Na Md. Myp @sampl e.

X-Y Pair R(A) So N  02(103A?) E, R-factor(%)

Ni-O 2.031(3) 1.00 6 5.6(9) -5.9(5) 0.9
Mn-O 1.926(6) 1.00 6 5.7(7) -7.1(1) 1.89
Ni-TM 2.866(1) 1.04 6  10.5(5)  -6.0(9) 0.9

Mn-TM 2.859(3) 0.94 6 11.0(6) -10.0 1.89




Chapter 7. Improvement of the Cathode Electrolyte Interphase on P2

Naz3NisMn 230, by Atomic Layer Deposition

Atomic layer deposition (ALD) is a commonly used coating technique for lithium
ion battery electrodes. Recently, it has been applied to sodium ion battery anode materials.
ALD is known to improve the cycling performanamulombic efficiency of batteries,
and maintain electrode integrity. Here, the electrochemical performance of uncoated P2
Nag/aNi1sMn2z30, electrodes is compared to ALD coated,@d P2Nap/3NiisMny 50,
electrodes. Given that ALD coatings are in the eathge of development for NIB
cathode materials, little is known on how ALD coatings, in particular aluminum oxide
(Al,03), affect the electrodelectrolyte interface. Therefore, full characterizations of its
effects are presented in this work. For thstfiime, Xray photoelectron spectroscopy
(XPS) is used to elucidate the cathode electrolyte interphase (CEI) on ALD coated
electrodes. It contains less carbonate species and more inorganic species, which allows
for fast Na kinetics, resulting in significtincrease in coulombic efficiency and decrease
in cathode impedance. The effectiveness ofOAIALD coating is also surprisingly
reflected in the enhanced mechanical stability of the particle that prevents particle

exfoliation.

7.1.Introduction
The commercialization of the rechargeable lithium ion battery (LIB) in the early
19908% by Sony propelled the development of portable electronics. Technologies that

once seemed impossible are now ingrained in modern society and have become a part of

117
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everydaylife. This is largely due to the components within the battery that allow lithium
ions to intercalate/deintercalate between the carbon anode and transition metal oxide
cathode through the electrolyte, making it a high gravimetric energy density
system-®11%* As consumers become more aware of the global climate change, the
applications for LIBs are extended to power hybrid and plugin electric vefttles,
however, using LIBs as a ubiquitous energy storage and conversion system could
increase the demand for lithium, causing exorbitant prices médources?® Therefore,
researchers have focused their efforts on finding alternative systems that qbade re
LIBs in specific applications. Sodium ion batteries (NIBs) research was first investigated
in the mid 1970s, where the sodium analog to lithium transition metal oxides were first
reported®®?? In the recent decade, NIB research has significantly increased given the
abovementioned concerns with LIBs. NIBs offer several advantages over its lithium
counterpart, given that the demand for sadis much lower than lithium and it is more
abundant®® Overall, the cost of manufacturing NIBs can be lower than that for
LIBs'® which can be attributed to the ability to use aluminum as the current collector for
both the anode and cath@deliminating the use of Cu, a heavier and more expensive
material®®’ Though NIBs will unlikely reach the energy density of LIBs because of
sodi umobs i ncreased at omi c ma s s and reduc
(Li=3.01V), it could be anlternative for large grid storage applications where cost plays
a more significant rol&">*?°

Within the last decade several advancements have been made on the anode for

NIBs where hard carbon, sodium titanate, tin oxide, and tin sulfide (few of several anode

chemistries) have been exsirely studied**®1° Given that in a full cell the cathode
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has higher mass fraction than the anode and operates at a higher potentiating the
capacity in NIBs requires more exploration on high voltage cathode matéfiadsered
transition metal cathode materials (N&O,) are of particular interest because of their
high operating voltage, specific capacity, and synthesis Yiéfd™*! This class of
cathode materials can lotassified by their crystal structure stacking: P2, O2, P3, and
03" The first letters AP0 and AOO0 correspon
crystal structurieeither in the prismatic or octahedral site. The hamis related to the
number of repeating Na layers within the unit cell. Of these classes of materials, P2
Nap/aNi1sMn30, has been extensively studied due to its high specific capacity (173
mAh/g) and high operating voltage (up to 4.5V). Lu et al. alestrated thalNa-ions can
reversibly intercalate and deintercalate usingsiin X-ray diffraction (XRD), albeit,
undergoing detrimental phase transformation concurréfftlyee and Xu et al.
determined via synchrotron XRD and first principles calculations that the long voltage
plateau above 4.22V corresponds to a O2 phase transforrfatiwhile the material has

a Na content of 1/3 to 2/3, P2 phase is the lowest energy state but when the Na content
falls to zero then O2 phase becomes the lowest, causing poor capacity réterifion
However, this can be combated by lowering the operating voltage from 4.5 to 4.1V,
eliminating the phase transformation and increasing the rate tgp@bapacity at 1C =

85% Capacity at C/20). This is not a perfect solution because it sacrifices a large amount
of energy by lowering the specific capacity from 174 to 90 mAh/g. Researchers have
used doping (Li, Mg, and Zn) to maintain the high operatimitage and capacity, while
reducing and or eliminating the phase transformafidft'”® However, the cathode

operating potential may also cause #iectrolyte to decompose forming the cathode
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electrolyte interphase (CEIl) which may also participate in the capacity degradation.
Despite that doping improves the cycling stability of- R&y/3NisMn, 30, class of
materials, researchers have failed toreds the carbonate based electrolyte instability
above 4.2 \/'®

Forming a protective layer that alleNa-ions to diffuse through the layer and
reduce the electrolyte decomposition is one possible way to improve the electrolyte
electrode interface. Atomic layer deposition (ALD) is used in a variety of applications as
a coating technique, in particular foattery electrodes. Several advantages in using ALD
are: 1) conformal coating, it has the ability to coat various irregular materials, 2)
controllable coating thickness down to angstroms or monolayers, and 3) apply to a wide
range of coating materials (&s, TiO,, ZnO, HfGy).>"” For this reason, ALD has largely
been adopted for coating LIB electrodes and shown to improve cycling perforifance.
184 Considering the success on LIBs, researchers have adopted ALD coating for NIB
anode materials. Zhao and coworkers have shown improvdthgyperformance of
disodium terephthalate by Ab; ALD coating® Recently, Han et al used ALD to coat
Al,O3 on tin namparticles to elevate volume expansion in the afiteew reports have
reported the use of ALD coatings as cathode materials for KfB&u et al demonstrated
the effect of wet chemical ADs coating on P2Nay3NiysMnys0, cathode for NIBS2®
The issues with wet chemistry coating are that it is not able to control the coating
thickness, it is difficult to have a conformal coating, and it can introduce contamination
during the process. Although thereda improvement in capacity retention with this
method, it is challenging to determine what percentage it played in improving the cycling

performance when the electrode was only cycled to 4.3V, which partially avoids the
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phase transformation (full phasartsformation occurs at 4.5V). Moreover, both coating
works mainly focused on the electrochemistry to showcase the effect of ALD and wet
chemical coating of AD; on P2cathode materials. Understanding the ALD coatings for
P2-cathode materials for NIBs idilsin its infancy; there is a need to understand how
ALD coatings improve the cycling performance by investigating the electiedérolyte
interface. Since NIB chemistry behaves differently than LIB chemistry, it is likely that
the cathode electrolyiaterphase can be composed of different components.

Herein, we compare uncoated -R&3NiysMnyz0, (NaNiMnO) composite
electrode to an ultrthin Al,O3; ALD coated electrode. Rigorous electrochemical
characterization demonstrates the positive effect of ALD coating on the composite
electrode. For the first time,-Ky photoelectron spectroscopy is used to elucidate to the
factors that influence the chemic@mposition of the cathode electrolyte interphase (CEI)
which enhances the coulombic efficiency and cycling performance (frdb\2, by

decreasing the impedance of the cycleeNRNIMNO cathode with ALD coating.

7.2. Experimental

The Nas;NiysMnys0, material was synthesized by -peecipitation method
following our previous published work® A stoichiometric amount of the precursors,
Mn(NO3)AH ,0 and Ni(NG;)6H 0, were dissolved in deionized water. The transition
metal nitrate solutions were titrated into a stoichiometric NaOH solution using a
peristaltic pump at rate of 10 ml/hr. The solution was stirred slowly to insure
homogeneity. The cprecigtated solid M(OH) was centrifuged and washed with

deionized water (three times). The-pcipitated material was dried in the oven to
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remove excess water and was ground with a stoichiometric amount,GONalhe
material was precalinated at 500C forfband calcinated in a pellet form at 900 € for
14 h in a 50 ml porcelain crucible. Electrodes were made by a slurry containing 80 wt%
of active material (based on the total mass of th&l&2Ni;sMn,z0, composite), 10 wt%
of polyvinylidenefluoride (PVDF), and 10 wt% acetylene carbon black -methyl2-
pyrrolidone. The slurry was casted on aluminum foil and dried in a vacuum oven at 80 €.
The electrode casted on aluminum foil was coated with aluminum oxig@sjAl
using atomic layer dep®n (Beneq TFS200). The deposition o84 required the use
of trimethylaluminum (TMA) as precursor and water as reactor. The carrier gas was
nitrogen in 300 mbar and the reaction temperature was 150 €. The deposition rate was
1.1A per cycle. The coayg thickness on the electrodes was controlled through the
number of cycles performed.
The uncoated and ALD coated -R2,/5Ni1sMn,50, electrodes were assembled
in 2032 coin cells using a glass fiber GF/F (Whatman) filter separator soaked in 1 M
NaPF in propylene carbonate electrolyte (PC). Battery assembly was carried out in an
MBraun glovebox (HO < 0.1ppm). Galvanostatic discharge and charge at various
current densities were performed using an Arbin BT2000 battery cycler. Additionally,
electrochemicalmpedance spectroscopy (EIS) measurements were carried out with 10
mV perturbation and the AC frequencies from 0.01 tofH8 on galvanostatic cycled
electrodes at OCV, first cycle and 100 cycles. The electrodes were assembled in a three
electrode Swagelo® cell, where the active material was the working electrode and Na
metal served as the counter and working electrode. The three electrode cells were then

cycled using above mentioned conditions. This allows for proper isolation of working
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electrode imped&e. A Solatron 1287 Potentiostat was used to measure the impedance
at different states of charge and discharge. After the EIS measurements were taken, an
equivalent circuit model was fit to the data to analyze the reactions that took place using
Z view Dftware (v. 3.4a, Scribner Associates, Inc.).

The morphology of the asynthesized material and pasdectrochemical cycling
was characterized by a Philips XL30 environmental scanning electron microscope
(ESEM) equipped with an energy dispersiveay detetor (EDX) operating at 10 kV.
Transmission electron microscopy (TEM) images were taken with a FEI 200 kV Sphera
Microscope. Samples for TEM were prepared by focused ion beam (FEI Scios DualBeam
FIB/SEM), following the procedure from our previous wotkSamples were thinned
within 100 nm. During FIB thinning process, only 5 kV voltage and 7 pA current were
applied to the sample when the sample thicknessithin 200 nm. This measure can
minimize the bearnduced damaging within only within 10 ni¥.A lift -out procedure
with optimized FIB fabrication conditions was conducted on the coated ALD electrode
and loaded on the Omni Probe grid (Ted Pella) which is needed to retain the
electrochemical activity of the nanobattery. Image J was used to detethmin&l D
coating thickness on the entire electrode.

After electrochemical cycling, the cells were disassembled in the glovebox and
washed with DEC to remove excess sodium salt. XPS was performed at the Laboratory
for Electron and Xray Instrumentation usgna Kratos AXIS Supra. In order to avoid air
exposure, the samples were prepared in the glovebox connected to the XPS. Samples
were transferred from the glove box to the XPS from an argon atmosphere to an ultra

high vacuum greater than®@rr. The XPS ws operated using Al anode source at 15 kV.
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Al XPS measurements were collected with
a charge neutralizer during acquisition. Survey scans were collected with a 1.0 eV step
size followed by higfresolution scans wh a step size of 0.05 eV, for carbon 1s, oxygen
1s, saiumls, fluorine 1s, nickel 2pmanganese 2p, aluminum 2p, and phosphorus 2p
regions.

Fits of the XPS spectra were performed with CasaXPS software (version 2.3.15,
Casa Software Ltd.) to estimate thomic compositions and chemical species
comprising the cathode electrode interphase. All species were fit using a Shirley
background. The resulting spectra were then refit and all spectra were shifted relative to
the binding energy of the carbon 18 &ssigned to 284.8 eV) to compensate for any off

set during the measurement.

7.3. Results and Discussion
7.3.1.Aluminum Oxide ALD Coating Characterization

Inspired by ALD cathode coatings on LIB cathode materials, we coated classical
P2-Nag/sNi1sMny30, (P2NaNiMnO) cathode with aluminum oxide (A&);) by ALD.
The phase pure crystalline IRANIMnO material is validated by ¢hrietveld refinement
(Figure 7.). It is widely accepted that both binder and conductive additive contribute to
the surface reactisncaused by the instability of the electrolyte at high voltdjeBo
combat these issues, ALD was used to coaDAlon the P2NaNiMnO composite
electrode surface. The deposition temperature occurred at 150C to prevent the chemical
decomposition of the PVDF binder, ensuring that a stable electrode is used. Fiyure

shows the SEM images of the as synthesized electrode materighead.D coated

a
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electrode. EDS mapping was used to show thagDAtoating is uniform throughout the
electrode and did not affect the electrode morphology. Since the entire electrode was
coated, it is important to distinguish the amorphous ALD coating from the amorphous
conductive carbon. First, a section of the ele@nads cut using focusedn beam (FIB)

to allow proper characterization of the top of the electrode. If FIB is not used and the
coating thickness is characterized by scrapping the electrode and loading the material on
the TEM grid for imaging, one is una&blo distinguish the amorphous material, leading to
improper ALD thickness characterization (Figure 7.3). Figureshdws a uniform ALD
coating of 1nm on the PiR®aNiMnO particle. The higheresolution TEM image (Figure

7.4 (0)) gives a detailed view of ghamorphous layer to the crystalline active material, a

uniform ALD coating of 1nm on the F2aNiMnO patrticle.

7.3.2. GalvanostaticCycling Comparison of Uncoated and AO3; ALD Coated P2
Nag/3Ni1sMn 2,30

The uncoated and ALD coated-RaNiMnO electrodes were assembled into coin
cells, then cycled in galvanasic mode at C/20 rate. Figure 7.8 (ighlights the
materials first cycle voltage profiles, demonstrating the quintessential plateaus for this
matefal.****%*The ALO; coated ALD electrode (blue), however, shows slight increase in
the discharge capacity of 142.6 mighcompared to the uncoated electrode (134.6
mAh/g). More importantly, the P@2 phase transformation is evident in both electrodes
in the charge state, demonstrating that ALD coating does not eliminate such a structure
transformation. The differential capity versus voltage profiles (Figure 7.B)X shows

five distinct dQ/dV peaks that correspond to the intercalation eébhN& The sharp peak
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at 4.20V is due to the PQ2 phase transformation associated with this class of
materials:?® This peak is less intense in the,®$ coated electrode, owing to the strong
binding of the coating to the surface of the material thus slightly reducing the phase
transfomation and possibly forming the CEI. The coating does not eliminate the phase
transformation but may aid in maintaining the particle integrity. Furthernsosmall

peak at 2.98V (Figure 7.%) insert) appears in the dQ / dV plots of the@y coated
eledrode, which is not shown for the uncoated sample in this work nor in the literature, it
might be possible that this could be from the AI203 reacting during electrochemical
cycling.

After repeated cycling, the material structure degrades as a reshk etves
phase transformation (Figure 7&)( The ALD coated electrode still retains more of the
structure properties at the®@ycle as demonstrated by the voltage plateaus. As shown,
the coated electrode has a higher capacity of 92.3/gndbmpared to the uncoated
electrode capacity of 69.7 mAh/g. Given that the material has gone under repeated phase
transformation, the dQ/dV of the B@ycle depicts that the peaks are no longer as sharp
as they werén the first cycle. In Figure 7.5}, the peak at 2.98V persists after 50 cycles.
Finally, it is obvious that AlD; ALD coating reduces the overall potential in the cell
throughout electrochemical cycling. This is a common occurrence -ianLcathode
electrodes when coated with an ALD tygmating-°>***Though bulk A}Oj is insulating
in nature, the ultrghin coating and amorphous nature reduce insulating effects at lower
current density, allowing the transport of-d&s through the film, yet its effects are still

observed.
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The electrochemical characterization of tbacoated and ALD coated P2
NaNiMnO eletrodes are provided in Figure 7.Bhe theoretical capacity of uncoated P2
NaNiMnO cathode material is 173 mAh/g due to the Ni redox reaction fréma\Ni**
corresponding to the mole ratio of tiNa-ions. Given thathe coating is 1nm, which
attributes to less than one percent of the total material weight, therefore, the coating
weight is negligible. Both electrodes were cycled at constant current from 4.2.8 V
for 100 cycles. Figure 7.@) demonstrates the capacity versus cycle plot for the ALD
coated and uncoated electrodes. The ALD coated electrode improves the capacity
retention of P2NaNiMnOd after 100 cycles, the cell exhibits a capacity of 77.43 mAh/g
while the uncoated electrode hasapacity of 52 mAh/g. As expected the thin,@d
coating did not bring about drastic improvement in capacity retention because of the
severe phase transformation that occurs above 4.2V. However, the coating does improve
the capacity retention and may amother aspects of the electrochemical performance.
By observing the value of the-axis of each half cycle (Figure 7.®)( (c)), one can
estimate the storage capacity of each electrode. Ultimately, the ratio of the two capacities
is known as the coulonbefficiency (CE). This is one way to quantify the irreversibility
of each cycle, shown in Figure 7.6)( We note that the thin coating improves the CE of
the active material throughout electrochemical cycling. The first cycle CE for the ALD
coated elecode is 91.6% and quickly reaches 99% in the fifth cycle. Conversely, the
uncoated electrode exhibits a first cycle efficiency of 83.8% and 95.2% CE by the fifth
cycle. Throughout electrochemical cycling, the uncoated electrode hastable CE as
shownin Figure 7.6 ). The CE fluctuates significantly while the ALD coated- P2

NaNiMnO electrode maintains a stable CE, demonstrated by the flat curve. Comparing
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our previous work with the ALD coated LIB cathodes, we present similar etfdcts.

Wise et al. demonstrated then ultrathin coating of A}JOs3 can significantly improve the
electrodeelectrolyte interface, reducing the decomposition of the electrolyte on high
voltage cathode materidi® The addition of the artificial AD; CEI coating on P2
NaNiMnO active material enhances the interface by reducing the exposure of the
electrolyte to the active material. The 1 nm@d ALD coating may help reduce the
decomposition of the electrolyte by protecting the active material, PVBéehi and
conductive carbon from reacting with the electrolyte; therefore, improving the CE
throughout electrochemical cycling.

The electrochemical rate performance test is a good way to measure the kinetic
property of the material at various charge arstliirge rates. Here, the material is put
under various stresses implemented through incremental curregetisecevery few
cycles. Figure 7.6¢] compares the rate capability of the uncoateeNBRiIMnO and
Al,O3 ALD coated electrode. The rate performanegibs at C/20, increases to 1C then
returns back to C/20 after a 25 cycles period. The uncoatddaRIMnO electrode
exhibits inferior rate capabilities when increasing the rate from C/20 to C/10 then to C/5,
and finally to C/2 compared to the ALD coatetbotrode. The disparity capacity
increases at C/2, where the coated electrode has an average specific capacity of 105.6
mAh/g compared to 78.5 mAh/g for the uncoated electrode. Thus far, the coated
electrode has outperformed the uncoatedNBRIMnO. Howeve, at 1C the ALD
electrode retains less capacity. Comparing our work to ALD coatings on the cathode
materials for LIBs, the effect of thin AD; ALD coatings on high voltage LIB cathode

materials differ significantly. In some cases, thelsubstantially improves the rate
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capability by preventing transition metal dissolution and reducing electrolyte
decompositiort®*1%19719Conversely, there are accounts that demonstrate th@; Al
coating has lower capacity than the bare electrode at highefYaféese effects are not
ubiquitous with one type of active matdy the high voltage lithium nickel manganese
oxide, for example, has poor rate capability when coated wis:;Af® Riley et al.
clearly show that at higher rates from C/4 to 1C the ALD coealedrode has a lower
capacity than the bare Li(MMny3Coy3)O,, which is attributed to the AD; creating a
barrier for ion mobility’®* Although it is difficult to compare AD; ALD coating on
various cathode materials in LIB due to elec&rambnfiguration, the abowaentioned
cases can be applied to NIB coated cathode materials.

There are few works that have used@l as a protective layer for SIB cathode
materials'®’ ' Kaliyappan and coworkers investigated a series of ALBOAkoated
electrodes with discrete thicksses on PR ay3(Mngs4Nip 18C00.19O- and the effects on
rate performance. They determined that a thinner coating outperforms the bare cathode
while a thicker coating hinders the rate capabilities due to the insulating properties of
Al,03.*®" Our work directly opposes the notion that a thinner coating is better, @jigen
our ultrathin coating has a lower capacity at higher rates. Both electrode materials have
similar voltage ranges {2.5V) and were cycled at similar rates. However, it is
commonly agreed upon that P2 cathodes suffer from severe phase transforaradions
that doping cobalt into the ARaNiMnO cathode enhances the cycling performance.
Therefore, the improvement in rate capability for thin ALD coating irNBzs(Mng 54
Nip148C.190O> is not only due to the coating effect, but also the improved stabsita

result of cobalt doping. Our material demonstrated the true effect,O ALD coating
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in a traditional P2NaNiMnO without doping. Computation techniques are widely used to
help validate experimental work or understand fundamental mechanismscthat o
within a battery system during electrochemical cycling. Jung et al. used ab initio
molecular dynamics calculations to investigate the sodiation throu@dy Ahd compare

it to Li-ions?%? They conclude that Nmn diffusion occurs much faster through,@}
compared toLi-ions even though th&laions are much larger, albeit the study was
conducted through a crystalline 8. However, the AlO; in our case is amorphous
where we see that &st rate (1C) the AD; coated electrode has lower rate capability

than the uncoated electrode, demonstrating that the diffusivity is subpar in@hdik.

7.3.3. Cathodd nterfacial Resistance

Figure 7.7shows the changes in the impedance spectra of ; Abated and
uncoated P-NaNiMnO electrodes cycled galvanostatically in a three electrode
Swagelok® cell. Using a three electrode configuration allows us to hone in on the
working electrode (RAaNiMnO cathode) impedance while eliminating the effects
associated from the reference and working electrode (@tal)ndemonstrated in Figure
7.8 Previous reports failed to investigate the effect of the ALD coating on the cathode.
They took into account the impedance of the sodium metal in addition to the coating
which could lead to inaccurate impedance quantificdfioif® Furthermore, there is a
need to understand the effeot the ALO; coating. Figures 7.7a( and 7.7 1)
demonstrate the Nyquist plots for electrodes in the charged state after one cycle and 100
cycles. The Nyquist plots depicts the measured real versus imaginary impedance over a

series of AC frequencies. Wean quantitatively analyze the impedance spectra by a
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model circuit generated by several reactions that occur in the cell digctgpehemical
cycling (Figure 7.7 €)). The model accounts for the ohmic resistance of the electrolyte
(Rq), the double layercapacitance of the electrode/electrolyte interface (CRE
resistance due to the lithium ion diffusion through the surface reactions on the cathode
(Rr), the doubldayer capacitance (CRE and the charge transfer resistance
(Ryy). 194195203 204in41ly. the model accounts for the Warburg impedance (Zw) krasv
the impedance according to solid state diffusion ofNlagon through the bulk of the
active materiat®®

Comparing the uncoated and,® coated electrodes after the first cycle (cycled
at C/20), both the Rand R; are significantly lower in the coated electrode (Tahlg.
After one cycle the uncoated /&ANIMNO has asurface film resistance of 8788
while the AbO3z coated P2NaNiMnO has an Rvalue of 182q . T hassockted with
the Na-ion diffusion through the electrod@El interface is 394&% f or t he unco
electrode comparedto 420 f or t he c. éftet 160dcycled (eyded at CRG,
the R;and R; increased significantly for the uncoated electrode compared to the coated
electrode. The ultréhin coating protects the surface of the electrode, reducing the effects
that the binder and conductive additive have on electrolyte decomposition. ThoGgh Al
is insulating in nature, the thin coating allows Kacions to diffuse through the coating
film. Given that the surface film resistance increases slightly from the first cycle to the
100" cycle, the AJO; coating reduces the electrolyte decompositiohigh potentials,
forming a better CE¥**?°* From Table7.1, the charge transfer resistance increases
significantly compared to the coated-R2NiMnO. This implies that the active material

structure has degraded significantly during electrochemical cycling, as shown in Figures
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7.5 and 7.6 Therefore, the ALD coatg helps suppressing the structure instabilities
associated with sodiation and desodiafitif o validate the effect of AD; ALD coating,

post cycling charaetization is required.

7.3.4.Ex situ Electrode Characterization

The abovementioned electrochemistry has clearly demonstrated that tia& Al
ALD coated electrode improves the cycling performance, CE, the surface film resistance,
and charge transfer resistance. Part of the improvements can be attributed to particle
stability; to examine this, SEM images were taken after 100 cycles at C/2(0'hnate.
pristine electrode clearly shows the -R@NiMnO active material surroded by
acetylene black (Figure 7.9)]. After repeated slow cycling, the active material endures
repeated sodiation and desodiation. AsNlagons are extracted from tHeé2NaNiMnO
structure, the material compensates by the restructuring of the oretallayer, causing
the oxygen layer to glide to reduce the steric hindrance within the crystal
structure®?*173 |y et al. proposed stacking faults occur as a result of the shift in
oxygenrroxygen contact due to the instability of the metal oxide layer during sodium
extraction’”® Therefore, it is not surprising that the cycled uncoateeN&2iMnO
demonstrated severe particle exfoliation. This is consistent with work done by Liu et al.,
where they invesgated the failure mechanism of -RaNiMnO after 300 cycles at 1C
using SEM and TEM® Although this material undergoes an intercalation reaction
mechanism, it can still exhibit stress and strain within the particle during electrochemical
cycling. This is evident in our previous XRD study of the material, when the sodium

concentration is less than 1/3, the oxygen layers are in direct contact leading to an
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electrostatic repulsion which directly expands the ¢ parartfét@onversely, the ALD
coated electrode significantly reduces particle exfoliation after 100 cycles and only few
particles showed signs of particle degradation. The notiomAlbi2atcoating can be used
to maintain particle integrity has been demonstrated in alloying anodes (Si and Sn) for
LIBs by holding the particle together after 300% volume expansion during repeated
lithiation.**-?°®%°7|n their case, a thick ALD coating can improve the integrity of the
active material without formma strong binding interaction between the coating and the
active material. Since we applied an ulinen coating, it is speculated that the,®4
ALD coating forms N&aAl-O bonds to form a strong binding interaction that can reduce
particle exfoliation. The detailed mechanism still requires medepth analysis. Having
the ability to maintain electrode stability can be traced to thegehaansfe resistance
(Figure 7.7, which is the resistance associated Wthion diffusion through the surface
of the active material through the SEI. To further understand Kawon kinetics is
affected by ALD coating, it is needed to further investigate tiectsf of electrolyte
decomposition on the P2aNiMnO particle surface both coated and uncoated.

The surface of each electrode was analyzed before cycling (uncycled, not exposed
to electrolyte) in addition to after the first charge to 4.1V, 4.5V, 5 cyaled, 100
cycle® avoiding air exposure as described in the experimental section. The elemental
atomic percentage of the cycletbctrodes is shown in Figure 7,4here we can see the
elemental evolution of the SEI throughout electrochemical cycling. Figuid
demonstrates that the cycled electrodes are largely dominated by acetylene black at 284.4
eV. Before cycling, the electrodes have the signature peaks of the PVDF polymer binder

at 285.5 eV (ChH), 290.5 eV, and 292.7 eV (@F Once the electrodes argcled to 4.1V,
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the decomposition products of the PC electrolyte begin to evolve, forming CO, OCO,
COs moieties for both uncoated and,®k coated. After the electrodes are cycled to 4.5V,
the PVDF peak corresponding teFzbroadens due to the formatiohsodium carbonate
species. Prolonged cycling causes all peaks to shift to higher binding energy and form
more CO components in the in the coated electrode, which is largely associated with
ethers, esters, and oligomeric species of polyethylene oxidg QELO), *°® from the

PC electrolyte decomposition. These functionalities can alsedre ia the Ols spectra
(Figure 7.12. For the uncoated P2aNiMNO electrode, peaks indicative of lattice
oxygen (529.3 eV), surface oxygen (531.2 eV), €@n the interaction between the
conductive additive and active material (532 eV), and Na auger (538°ev® clearly
demonstrated. In the coated electrode, th€©Ab31.9 eV) peak corresponding to,B4

ALD codaing as well as all of the aboweentioned peaks are shifted slightly to higher
binding energy, due to the interaction with the coating (lattice oxygen at 529.6 eV,
surface oxygen at 531.6 eV, CO at 532.6, and Na auger at 536.9 eV). As the electrolyte
begns to decompose at 4.1V and 4.5V we begin to see orgacoengesition products

in Figure 7.12 anéfigure7.13as well as oxidative species that result from the NaBFE
(NaPFR,0, around 534 eV) for both coated and uncoated electrodes. However, for the
Al,O; coated electrode, the NeRO, peak broadens and increases throughout
electrochemical cycling. Moreover, the-8l peak associated with the coating is present
even after 100 cycles as show Figure 7.14Both the Ols spectra and Al 2p spectra
show a shift to higher binding energy as the cycle number increases. This could be due to
the strong biding interaction that the ALD coating has with the electrode influencing the

formation of a different CEl withaspect to the uncoated electrode, consistent with the
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shift in binding energies of the CEI functionalities and an increase in salt decomposition
products. Furthermore, this demonstrates the robustness of the coating, also demonstrated
in Figue 7.9 wherethe ALD coated electrode preserves the active material integrity
even after repeated cycling. Consistent with the literature, we see that as we continue to
cycle the electrodes, the surface oxygen peak decreases indicative of a thicker CEI
formation®®® Although it seems that the coated electrode has more CEIl formation, the
atomic percentage of carbon and oxygen in the surface is less than thatuoicbated
P2NaNiMnO (Figure 7.10). The dashed line in Figure 7 d@ides the peak shift that
occurs throughout electrochemical cycling, which is more prevalent in the coated
electrode. When peaks shift to higher binding energies it signifies that the binding
environment is more electronegative which can be further investigated by F e (Figu
7.13 (@), P 2p (Figure 7.13), and Na 1s (Figuré.15).

Given that the electrode is composed of 80% active material, 10% PVDF binder,
and 10% acetylene black, the uncycled electrodes have a large peak corresponding to the
C-F bond of the binder (F 1s at 687 eV). This peak persists throughout cycling and
contintes to dominate the signal. Consistent with both the F 1s and Na 1s, a NaF peak at
684 eV for the uncoated M2aNiMnO and 685 eV for the AD; coated electrode are
observed. This is due to the interaction between the active material and the PVDF binder.
The Na surface reacts with the PVDF to form NaF from the dehydroflurination,
generating HF and reacting with Na, similar to the 3B This is more prevalent in
the ALO; coated electrode because it is needed to use the agaseprecursor to form the
aluminum oxide coating, which causes the PVDF binder to react with water forming

more HF. Eventually, the formation of more NaF in the uncycled coated electrode maybe
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one of the causes for prepping the electrode surface toopedine formation of a more
inorganic CEIl leading to higher initial CE and overall cycling performance compared to
the uncoated eléode (Figure 7.6

As we charge the electrodes to 4.1V, we begin to see the decomposition products
form that result fromhe NaPFk salt. Similar to LiPE, the sodium salt is susceptible to a
similar process (scheme3)

NaPR & A Na" + PR~ 1)

PR + Na" A NaF + Pk (2)

PFs + HO (raceyA OPFR: + 2HF (3)

Contrary to the uncoated electrode, the ALD coated cycled electrode has an
increase in NaF throughout prolonged loyg, exhibited in both Figure 7.13)(and
Figure 7.15NaF on its own is a highly resistive material and it can be assumed that this
would hinder the CEI; however, Figure7 and Table7.1 indicates otherwise. As salt
decomposes, it is likely that we are not generating a consistent NaF film, but rather
discrete crystallites that allows fota-ions to pass as seen in the case of 1B At
4.1V we begin to see the decomposition of the salt (Figukd @)), which is largely
dominated by Nd&FO, moieties generated when sodium continues to react with the OPF
products in scheme 3. Little N is found when the electrodes are charged to 4.1 and
4.5V; however, it was observed that the amount gPRNaincreases when the electrodes
are cycled both 5 and 100 times. This is largely seen in the uncoated electrode which
maybe one of the factors that increases the impedance of theddestirface, as seen in
Figure 7.7 The CEI generated from the coated electsademore inorganic causing the

electrolyte decomposition functionalities to shift to a higher binding energy. Moreover, it
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is widely accepted that coating cathode materials for LIBs improves the stability of the
electrodeelectrolyte interface. In our casit is likely that the AlO3; ALD coating tends

to enhance the interface by protecting the electrode from HF formation (schéffie 3).
Therefore, the electrode is less likely to form less unwanted byproducts as a result,

boosting the coulombic efficiency.

7.4. Conclusion

The comparison of a PRay;3Ni1sMn, 30, electrode and AD; ALD coated P2
Nag/aNi1sMngz0.electrode was presented. The ALD coating drastically improved the
initial and overall coulombic efficiency and cathode resistivity. The cathode electrolyte
interphase was investigated by XPS, which deiteeth that each electrode generated a
different surface film. The uncoated electrode contained more organic species such as
carbonates, esters, and alkoxyl functionalities, retained more residual salt, and formed
less NaF. Conversely, the coated electraten$ large CO moieties that are associated
with polymeric species such as polyethylene oxide, which play a critical factor in forming
a more flexible CEI that can reduce the exfoliationh&f P2ZNaNiMnO particle (Figure
7.9). Furthermore, the coated elexte forms more NaF throughout cycling, which plays
a vital role in the overall CEIl. The CEI generated on the coateda®2MnO electrode
enhances th&laion kinetics from the bulk of the material through the electrode film
versus the uncoated electrode. We demonstrated that optimizing thHaREMnO
surface is a vital parameter in improving the electrode electrolyte interface which

facilitates the cycling péormance of this class of materials.
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Chapter 7, in full, is currently being prepared for submission for publication of the
materi al Al mprovement of t heNapNustMN@@bBY EI ect
At omi c Layer Depo s iuthbravasthe cgritaey ingestgaoeantt at i on
author of this papeilhe author conducted aluminum oxide ALD coating characterization

and electrochemical test.
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Lattice parameters: a=b=2.8878, c=11.15B%vp: 2.37 Rp: 6.07
Figure 7.1 XRD refinement results for the aynthesizedP2-Nay/3Ni1/sMny30, (P2-
NaNiMnO) cathode
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(d) Element Weight% Atomic%

C 2486 4294

O 19.40 25.16

F 8.85 9.66

Na 883 797

Al 0.56 043

Mn 2477 9.35

Ni 12.73 450

Totals 100.00

Figure 7.2(a) SEM image of ALD coated FA2aNiMnO particle, and (b) SEM image
coated P2NaNiMnO electrode without conductive additive demonstrating the ALD
coating thickness effectively. (c) (d) EDX results of the percentage of different elements.
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Figure 7.3Preparation of electrode by Focused lon Beam(FIB) (a)Platinum protecting
layer deposited on PBaNiMnO electrode, (b) After Milling, (c) TEM picture of sample
on Omni Probe, the red circle indicates where the TEM image are taken. (d) Dark field
TEM imageand (e) birght field TEM image of electrode. Image (f) demonstrates the
TEM image without FIB preparation.
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Figure 7.4TEM images of the uncycled AD; ALD coated Nay3Nii;sMny0, composite
electrode. (a) Low magnification image of coapeistine particle and (b) high
magnification image determining the coating thickness of approximately 1 nm.
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Figure 7.5Voltage profiles and their corresponding differential voltage plots of uncoated
and AbO3; ALD coated electrodes at the (a, c) first cycle and (b, d) fiftieth cycle.
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Figure 7.6 Galvanostaticallgycled electrodes demonstrating (a)specific capacity
versus cycle at C/20 rate and coulombic efficiency as a function of cycle number, and (b)
rate capability plot for AlO; coated (blue) and uncoated (red).
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Figure 7.7 Nyquist plots of uncoated F2aNiMnO cycled electrodes (red) and,®%
coated cycled electrodes (blue) and uncoated (blue), at the (a) first cycle and"(b) 100
cycle. The data was fit based on the circuit shown in (c).
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Figure 7.8(a) EIS of the uncycled first cycle Nyquist plot of the full cell, cathode, Na
metal. (b) Fitted Nyquist plot of the cathode using the equivalent circuit in (c). Equivalent
circuit and table describes the symbol of the equivalent circuit.



147

Figure 7.9SEM images of (a) pristine uncoated and uncyclegkNia,;sMn230,
electrode, cycled electrodes after 100 cycles (b) uncoated and@z)A4ID coated
electrodes.
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Figure 7.10Elemental atomic percentage of the uncoated and ALD coated cycled
electrodes at first charge 4.1V, 4.5V, 5 cycles, and 100 cycles.



