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Abstract

Adressing thgrowingdemandor energy storagef renewable energiésvolvesexploring alternatives

to lithium-ion batteries. Sodiurhased battery materials have gained momentum in research as they
offer similar cell chemistryAdditionally, sodium,iron andmanganese used in soditbased cells are
more sustainable andosteffective compared to the classical elements usdtgimcapacitylithium

cells such adithium, cobaltandnickel. Despitehe higher reactivityof sodiumwith water, sodiumion
batteries show better safety characteristiswvever,they face the drawback of lowanergy density
compared tdithium counterparts.

To optimisethe lower energy density issuthe use of solid electrolytés being investigated not only
in academia bun industryas well Research ofithium-based systentsasalready shown an increase
in energy density of solidtate batterieby employinganode materials with highepecific capacity
like lithium metal compared tgraphite Solid-state batterie$n addition to their higher energy density,
provide enhanced safety due to the fflammable nature of solidlectrolytes, as opposed ttiquid
electrolytesKey challenges of solidtatecells include highly resistive interfaces, contact lodse to
volume expansioand contractiorof the electrodesrequiring compensatiowith high pressuresand

interface reactions.

Transitioningfrom lithium to sodium and liquid to solid electrolyexjuires careful considerationtbie
following aspectsNotably, gaphite isnot an efficienintercalation material for sodiuras sodiurmions
do notform stable graphite intercalation compounds due to the size mishettgben sodium and the
graphite interlayer spacindfore preciselythe increasing size and at the same time an insufficient
chenical bonding between the alkali metal ion anddAdonatonslead to a positive formation energy.
Therefore either hard carbonsvhere sodium fills the poresr elemental sodium is used in sodion
batteriesWhile liquid electrolytes arepermeabled dendritessodium metal is primarily useas anode
material for solidstatecells alongwith alloy materialsHard carbons havdeen introduceéh solid-
statecells but encounter challenges in establishing proper contact witkdl electrolyte Different
classes o$eparator electrolysdor sodiumsolid-state batteries arnderstudy, each withdistinctben-
eficial propertiesuch agjoodprocessability, high ionic conductivity or chemical stabili®athodes of
solid-state batteries angrimarily composites of a redox active material with another &rd often

electronconducting phasdeing a solid electrolyte and carbon.

This study focusson sodiumbased alsolid-state battery systems, examining the influence of different
electrolytes as separators or catholy@sthode composites with sulfide and halide catholytes where
prepared, optimized arahalyzedTheir cycling performance and espallythereaction with transition

metal oxide was studiedespite the lower ionic conductivity of the halide cathqlitsehigher redox



stability allowedcell cyclingthat wasot possible with theulfide-based electrolytd&Regardingsepara-

tor electolytes sulfides with and without doping were studiadd theneedof a protective layer at the
anodewasdetermined. This protective layaepresented by an oxide ceramelectrolyte exhibited
beneficial stability at the anodritlacks the necessary flexibility to accommodate pressure changes in
the cathode composité¢arious mehods includingtime-of-flight secondary ion mass spectrometry, X
ray photoelectron spectroscopy, electrochemical impedance spectroscopy, scanning reiechs
copyand different cycling proceduresere employedb study these phenomena

Overall this thesigrovidesa detailed insight into curreohallengesn sodium alsolid-statefull cells
usinghalide, sulfide and oxide electrolytdsased on thiknowledge clear trends could be determined

for futureresearch approaches amgtimization procedures. If tHavorablesulfide electrolytes are to

be usedas catholytes;oating need to be introduced to protect the sulfides from decomposition. The
use of the halide with increased chemical stability necessitates an increase of ionic conductivity to ensure
the ability to use higher currents. Taroddseparator interface has to ineproved potentially by an
alternative electrode materialich as hard carbanstead ofthe sodium#in alloy. The reason is the

strong reactivity of the sulfide separator with both sodium metal and the alloy. IEoxagygotentially

beused further investigationsare neededegarding the mechanical challenges.



Zusammenfassung

Um den wachsenden Bedarf an Energiespeichern fir erneuerbare Energien zu decken, miissen Alterna-
tiven zu LithiumlonenBatterien erforscht werden. NatriumbasidB&teriematerialien haben in der
Forschung an Bedeutung gewonnen, da sie eine dhnliche Zellchemie bieten. Aulerdem sind Natrium,
Eisen und Mangan, die in natriumbasierten Zellen verwendet werden, nachhaltiger und kostengiinstiger
als die klassischen Elemendie in Lithiumzellen mit hoher Kapazitat verwendet werden, wie Lithium,
Kobalt und Nickel. Trotz der héheren Reaktivitat von Natrium mit Wasser weisen NatmemBat-

terien bessere Sicherheitseigenschaften auf. Sie haben jedoch den Nachteil eigeregeEnergie-

dichte im Vergleich zu ihren LithiufRendants.

Um das Problem der geringeren Energiedichte zu optimieren, wird der Einsatz von Festelektrolyten
nicht nur in der Wissenschaft, sondern auch in der Industrie untersucht. Forschungsarbeiiieimzu lit
basierten Systemen haben bereits gezeigt, dass sich die Energiedichte von Festkérperbatterien durch den
Einsatz von Anodenmaterialien mit héherer Energiedichte, wie Lithiummetall, im Vergleich zu Graphit
erhohen lasst. Festkorperbatterien bieten n#ivenh6heren Energiedichte auch eine héhere Sicherheit,

da Festelektrolyte im Gegensatz zu Flissigelektrolyten nicht entflammbar sind. Zu den wichtigsten Her-
ausforderungen von Festkdrperzellen gehdren hochohmige Grenzflachen, Kontaktverluste aufgrund der
Volumenausdehnung urkiontraktion der Elektroden, die durch hohe Driicke kompensiert werden mis-

sen, sowie Grenzflachenreaktionen.

Der Ubergang von Lithium zu Natrium und von Fliissig Festelektrolyten erfordert eine sorgféltige
Berticksichtigung der folgelen Aspekte. Graphgt kein effizientes Interkalationsmaterial fiir Natrium,

da Natriumlonen aufgrund des GréfZenunterschieds zwischen Natrium und dem &najseihengit-
terabstand keine stabilen Graphiterkalationsverbindungen bildet. Genauer gesdigtzunehmende
GroRRe und gleichzeitig eine unzureichende chemische Bindung zwischen dem Alkalimetallion und dem
C-Atom fuihren zu einer positiven Bildungsenergie. Daher werden in NatdoenBatterien entweder
Hartkohlenstoffejn denen Natrium die Pordiillt, oder elementares Natrium verwendet. Da Flussige-
lektrolyte fiir Dendriten durchléssig sind, wird Natriummetall hauptsachlich als AnodennmiatEgat-
korperzellen verwendet, zusammen mit Legierungsmaterialierkdtdenhstoffe wurden bereits in Fest-
korperzellen untersucht, stof3en jedoch auf Probleme bei der HerstellungueredgshendeKontakts

mit dem Elektrolyten. Es werden verschiedene Klassen von Separatorelektrolyten fir Matstlin-
perbatterien untersucht, die jeweils unterschiedlicheeilbafte Eigenschaften wie gute Verarbeitbar-
keit, hohe lonenleitfahigkeit oder chemische Stabilitat aufweisen. Kathoden von FestkOrperbatterien
bestehen in erster Linie aus einem redoxaktiven Material, einer anderenundeit auch elektronen-

leitendenPhase, ndmlich einem Festelektrolyten und Kohlenstoff.

Die Arbeit konzentriert sich auf Natrivtrasierte Festkorperbatteriesysteme diokLimentierden Ein-

fluss verschiedener Elektrolyte als Separatoren oder Katholyten. Kathodenkomposite mitugdifid
VI



HalogenidKatholyten wurden hergestellt, optimiert und analysiert. Ihre Zyklenstabilitat und insbeson-
dere die Reaktion mit Ubergangsmetalloxiden wurde untersucht. Trotz der geringeren lonenleitfahigkeit
des Halogenidkatholyten ermdglichte seine hohere Retdbikitat Zellzyklen, die mit dem Elektrolyten

auf Sulfidbasis nicht moglich waren. Bei den Separatorelektrolyten wurden Sulfide mit und ohne Do-
tierung untersucht, und es wurde festgestellt, dass eine Schutzschicht an der Anode erforderlich ist.
Diese Schtzschicht, die durch einen oxidischen Elektrolyten reprasentiert wird, weist eine vorteilhafte
Stabilitat an der Anode auf, verfigt jedoch nicht tber die notwendige Flexibilitéat, um Druckanderungen
im Kathodenkomposit zu kompensieren. Zur UntersuchungediEh&nomene wurden verschiedene
Methoden eingesetzt, darunter Flug&ikundarioneiMassenspektrometrie, RontgPhotoelektro-
nenspektroskopie, elektrochemische Impedanzspektroskopie, Rasterelektronenmikroskopie und ver-

schiedene Zyklisierexperimente.

Insgesamt gibt diese Arbeit einen detaillierten Einblick in die aktuellen Herausforderungen bei Natrium
FestkorpetVollzellen mit Halogenie, Sulfid- und OxidElektrolyten. Basierend auf diesen Erkenntnis-

sen konnten klare Trends fur zukunftige Optimierundgafeen ermittelt werden. Sollten die Sulfide-
lektrolyte als Katholyten eingesetzt werden, missen Beschichtungen eingefiihrt werden, um die Sulfide
vor Zersetzung zu schitzen. Die Verwendung des Halogetddserhdhte chemische Stabilitaf-au

weist erforderteine Erhéhung der lonenleitfahigkeit, um héhere Strdme nutzen zu kénnen. Die Grenz-
flache zwischen Anode und Separator muss verbessert werden, moglicherweise durch ein alternatives
Elektrodenmaterial wie z. B. Hartkohlenstoffe (Hard Carbons) anstelle ateuid-Zinn-Legierung.

Grund dafir ist die starke Reaktivitat des Sulfidseparators sowohl mit Natriummetall als auch mit der
Legierung. Wenn mdglicherweise Oxide verwendet werden, sind weitere Untersuchungen zu den me-

chanischen Herausforderungen erforaérli
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1. Introduction

1.Introduction

In recent yeargheurgency to address climate change and reduce greenhouse gas emissions has driven
a significant shift in the transportation sector. The transition from traditional combustion engines to
battery electric vehicles (BEVs) has gained considerable momentwaringfa cleaner and more sus-

tainable mode of transportation.

One of the critical factors in enabling the widespread adoption of BEYe development of advanced
battery technologies capable of storing renewable energies efficiently. Renewable smiresssolar

and wind power have become increasingly popular for generating electricity, but the intermittent nature
of these sources necessitates effective energy storage solutions. -Budibatteries(SIBs) have
emerged as a promising candidate fogéescale energy storage due to the abundant availability of

sodium.

While lithium-ion batteriegLIBs) have dominated the market so far, sodiombatteries possess the
potential to exceed the physicochemical limits of lithibased system&odium, unlke Nathing else
is the & most abundant element on earth and does not only compri%e &.éhe earth crust but also

mainly occursas NaCl in the oceah.

To take a step back, the next few paragraphspnalVidean overviewof the currenstate of the arto

helpto put this work into perspective. When studysaglium alisolid-state latteries(Na-ASSB9, it is
important to consider thieistory and development otHium- and sodiunrion batteriesasthe basic
electrochemical processes amnilar and therefore studied irsamilar maner. In particular, the work

on lithium solidstate batteries, which has been increasingly focused on, should serve as a role model

for the studies of NASSBs, as they face many similar challenges.

LIBs have been used in consurakctronicdong before becominthe key technology iBEVs. How-
ever,the annual growth rafer BEVs and also stationary energy storage systems in termsgibtied
demand on LIB in GWh iforecastedo be around 30%rom 20 to2030 underlining its importance
inthe near futur@ Leading battery companies like CATL dglzar companiesuch as Volkswagen are

investing and bilding gigafactories to meehe increasing energy storage demand.

The SIBs have beenf increasingnterest since 2019HiNa-Batteries a Chinesecompany has com-
mercializedSIBs for lowspeed vehicles and largeale energy storagBut also companies such as
Faradion Tiamat NaTrium EnergyCo.or Natron Energyto namgusta few, are either on the verge or

have recently commercializ&iBs? The SIB chemistry, however, still faces hurdles to overowhm

hindess are moregylobal productior.

Striving for longer driving ranges, shorter charging times and an overall price tag comparable to those
for combustiorcars industry has become interedin lithium solid-state batteries. If the mass produc-

tion of solidstate batteries is going to be sessful their high energy density could address theses§oal
1



1. Introduction

A successful mass production, however, is for now unclear as many of the current issues on cell level
and upscaling arget not resolvedThe industrial big players in the research on litheohd-state bat-

teries are for now staups in the USAugch as Qartumscape or Solid Power that are heavily invested

in by big car companies such as VW, Ford and BRA&¢ademia has startets research by the devel-
opment of sodium deand intercalatiomayered cathode material MzoQ, in 19817 As for now most

sodium cathode materials are still tridios metal oxides besides polyanionic compounds like sodium
vanadium fluorophosphates Prussian blue/white analogud@$ie discovery of hard carboasanode
material E\ -HI1 'DKQ f adHihg »e&ersible capacities close to those of lithium insertion into
graphite gave a major boost for competitive thinking in terms of lithiws1 sodiurAon batteries

Industrially, Na-SSB havenat yet reachedhe scope of the big battery playebsit if lithium SSBs
manage taeach mass productipthe transition to sodium will be fastdvan from liquid to solid elec-
trolyte® and have the advantage of a reduced cost and higher abundance of the batterdg, raateria
lithium has significantly gone up in costhe athode active materialsr Na-SSBsare similar to those
usedn SIBswith liquid electrolyteand areas of nowprimarily transition metabxides? Na-SSBs enable
the use of sodium metal widndecrease dendrite formation compared to liquid electrolytes while in-
creasing energy density significantlijherefore sodium metal is the most common choitewever
increasing work has been conducted on alloy asbterhe solid electrolytes studieat present are
sulfide/selenide, halide, oxide actbscborate electrolytes with conductivities op to 40P 6 AR P
surpassing those of liquid electrolytéd?

The use of solid electrolytes in sodium batteries offers several advarithgpsssibility to use sodium

metal as the anode, in contrast to graphite or hard carbons as used in commdittialiredr sodium

ion batteries, contributesgnificantlyto the enhanced energy density. Moreover, the transference num-
bertna+ for inorganicsolid electrolytes islose to unitywhich means that the total current is transported

by the cation without generating a concentration gradient as in liquid electrolytes, thus increasing the

power density®

In light of these factors, it is crucial e&xplore sodium batteriesith solid electrolytesnd address the
key challenges remaininBy understanding th&trongreactivity between electrolyte and electrode ma-
terials and tackling the mechanical issues, the way for the development of safeeffinmet, and

higher energadensity sodiunrbased energy storage systampaved

In this work,| present a comprehensive exploration of various aspects reldXeedA8SBs The find-

ings are divided into two publications each focusing on specific agpetis battery system.

SXEOLFDWLRQ WLWOHG 33U Reiwekra/8hdmAINDAEgWRAhbde QY SulfideD \ H U
BasedSolid Electrolytes for AHSolid 6 WD W H 6 R G L XRidisihéNaadtida bitfférent sodium
solid electrolytes with aodum #in alloy anode materiaGpecifically, thesulfide electrolytes N&bS

and NazShy oWo 1S exhibit significantdegradation at the anode|electrolyte interfdceaddress this

2



1. Introduction

issue we introducearigid ceramic NaaZr.Si» 4P 6012disk as a protective interlayer between the anode
andthe sulfide electrolyte. This interlayer proves to be effective in maimgistable impedance and
protecting the sulfide electrolyte from decomposition

3XEOLFDW Liage aivd SWfiGeHE@ctrolysein Cathode Composites for Sodium-adilid-state

Batteries and their Stabilifyfocuses on the reactions betwekiffierent trangion metal oxde cathode

active materials ana sulfide and halide electrolyt®y studying these reactions, we aim to improve the
understanding of the interfacial processes and identify strategies to enhance the performance and dura-

bility of sodium altsolid-state batteries.

Collectively, the results presented in this dissertasioad light on the challenges and opportunities
associated with sodium ablid-state batteries, particularly in terms of interfacial contact, conductivity
and reactivity. The findings contribute to the ongoing efforts to develop efficient and relialig ene
storage systems and provide valuable insights for future researdt @&dting field.



2. Fundamentals

2.Fundamentals

The fundamentals will provide a more detailed insight into current knowledge in literature. The topics
addressed will be the concept of batteeind especially solidtate battéesin general, specifics such
asion transportyeactivity, pressure dependenof electrolytes, the workingrinciplesof alloys and

reference electrodes as well as interfacial degradation and analytical methods to study them.

2.1. SodiumAll -Solid-State Batteries

2.1.1. Architecture of allsolid-state batteries

An all-solid-state battery (ASSBs) is a type of rechargeable secondary cell thatestdrecleases en-

ergy through electrochemical redox reactions. It can be recharged using an external electrical potential
or current. Thé&ey components of ASSBs include two electrodes (cathode and anode), a separator and
two current collectordn general the anode is the electrode that undergoes oxidation whereas the cath-
ode is the electrode that undergoes reduction. In secondary batterigg) the oxidation or reduction
process at the electrodes depends on whether this teing chargedor dischargedHowever, he
terminology of the electrod@emains consistent, witfcathod€ or fanode’ consistently represeng

the electrodes whoseaction that takes place voluntayigrgo during dischargeConsequentlythe

positive electrode idesgnated ashe cathode whereas the negative electrodieigifiedasanodeln

ASSBs, as in liquid electrolyte based cells, the cell voltage is determined by the difference in chemical

potential of lithium or sodium between the two electrodes.

One distictive feature of ASSBs compared to conventional lithium/sodamipatteries is the replace-
ment of the separator and liquid electrolyte with a solid electrolyte. The solid electrolyte serves as both
an electronic barrier between the electrodesamath ionic conductomwithin the electrode composites

and between electrodemnabing efficient charge transfer.

Me-ASSB LIB/SIB ASSB

-.
e

Figure 1. Architecture and changes of volumetric and gravimetric energy densities goingjcfuin
based cell¢LIB/SIB) to cells with solid electrolytéASSB) and cells with solid electrolyte and addi-
tionally a metal electrode (MASSB).

4



2. Fundamentals

Figurel adapted frondanek et al*illustrates theechanges in battery architecture whesing solid elec-
trolytesand when additionally using a metal anode instead of graphite/hard carbansalloy (not
depicted inFigurel). There @ae many positive aspects attributed to ASS8smeof which are indeed
quite obvious. 1There is no concentration polarization withhe electrolyte as the anions do not mi-
grate®® The high transference number ofoseto 1 compared to liquid electrolytegth t.i. of 0.46.6
enhances the overall battery performal{& There is no need for ion desolvation, reducing the transfer
resistance3. Solid electrolytes hava reduced flammability compared to liquid electrof/td. The
energy density is maximized by the ability to use metal anodes and bipolar stacking.

However, several aspects related to ASSBs still require further investigation and validation. These in-
clude safety considerations, particularly concerning subimked materials thegleaseH.S gas. Addi-
tionally, the safety implications of increasing emedensity through the use of metal electrodes, which
can react strongly witle.g. water, nakto be thoroughly examined. Moreover, although many solid
electrolytematerials show improved dendrite stability compared to liquid electrolytes, dendrite growth

alonggrainboundaries is still a concern in certain material classels as ceramics like NaSICON

One of the inherent challenges in ASSBs is achieving good contact between solid components, which is
currently addressed by applying pressure during battery assembly and cycling. &8cidhis study
VKRZV WKH HIITHFW R HO H F VeduRE fadllithiingthe/ddataath ewedh Xn® BdtteryP

components and increasing the battery performance.

The field of ASSBs involves a wide range of material classes that operate with various working princi-
ples. These diverse materials offer compelogsibilities and opportunities for enhancing the perfor-

mance and capabilities of ASSBsd are discussed below

2.1.2. Solid electrolytesind the ionic transport

The transport of ions within the solid electrolyte strongly differs from liquid electrolgtesethere is

no gradient incharge carrier concentration and no diffusive and nigrat fluxes of anions within a
solid electrolytethe electrical conductivity@relates to the electric fieltlthat is applied and results in

acurrentdensitl DFFRUGLQJ WR 2KPfV ODZ
1L e @& (1)

In solid electrolytestwo different length scales are considered. An atomic scaigystalline lattices

and in the longer scale the impact of grain boundaries or pores can be distinguished.

The migration oodiumions in solid electrolytes on the atomic scale occurs with a hopping mechanism
and can be calculatéd'he place of a cation position within a lattice can either be occupied or vacant.

The hopping of aodiumcation from an occupied to a vacant posii®one of the ion migration path-



2. Fundamentals

ways within not only a solid electrolyte but any ion conducting crystal such as the cathode active mate-
rial. The other migration possibility is the hopping o$@diumion to an adjacent occupied site by
pushing that ion téhe next vacant site. Especially for close to fully sodiated cathode active materials
this is the way for ion diffusion. This migration is called correlated migration. The third transport mech-
anism is the interstitial migration when cations diffuse vierstitial sites which according to theoretical
work, however, is not suggested to occur for the sodium ion migrétidn.

Considering the anionic framewook for instance N&S,, a sodium ion conductoan additional con-
WULEXWLRQ FDQ OHDG WR DQ LQFUHDVHKEH®RQREXFWHY RWY LDKIHG\
dynamic rotational disorderccurringin the P$*' tetrahedra that leads to an even faster migration of

cations?

The long range difision can be affected by migration through and along grain boundaridsy dhe

presence opores. Especially in oxide electrolyjéisese phenomena play a crucial role where from the

atomic scalgi.e.inside a perfect lattican ion pathway leads thigh intergranular regionalso called

JUDLQ ERXQGDULHY 7KHVH JUDLQ ERXQGDULHV RU LQWHUJUDOQX
but can have different mechanical and chemical properties. The heterogeneity in migration pathways

can change the resistivity by cregtia tortuous diffusion path and reducing the conductivity of the

material or increasing conductivity along the grain boundaries.

Therefore the minimization of poresyia i.e.densification, within a solidtate conducting material is
essential. This deification can be established through different processes. Oxide electrslytes-
ramics have to be sintered at high temperatures whereas sulfide materials can be coldfpodséd
ing the preparation of composites

One of the ky aspeaof ion canduction within electrolytes is its temperature dependefigeion
transport is a thermally activated progesausing the ionic conductivity to increase with temperature,

which can be described by an Arrheniype equation:
&% %y
8;6; L— A W 2

where &gjs the ionic conductivity,éﬁthe preexponential factor,6the temperature; pthe activation
barrier andG,the Boltzmann constaft? When dealing with solid electrolytes, it is necessargifto
ferentiatebetween the temperature dependence at the grain boundarigsthetulk material.The
magnitude of the grain boundary resistivity can change differently with temperature compared to the
bulk resistivity and can, therefore, play an important role intdked ionic conductivity’> However,
deriving from this equation it is evident that an elevation in temperature results in an overall increased

ionic conductivity



2. Fundamentals

Many solid electrolytedike their liquid counterpartsuffer from a lack of redostability either at the

anode or cathodgde which will be discussed imore detail irchapter2.2.14 A major benefit of ASSBs

is, however, the ability tase multiple electrolytesor instance, as @parator ocatholyte according to

the desiredequirementsTo sum up, a perfect solid electrolyte should have the following propexties:

high ionic and low electronic conductivitgwide voltage stability windownda ORZ <RXQJTV PRGXO>
The solid electrolytes studied at present are suffedlende, halide, oxide ancoscborateelectrolytes

of which the following section will concentrate on those studied within this work.

Sulfide electrolytes

Sulfide electrolyteqSEs)studied for thdithium-ion conductiorreachhigher conductivities compared
to liquid electrolytes andvenexceed these conductivities wheadium sulfides where developéthe
most commoly usedsulfide electrolyte is N#®S. At present théNap ¢Shy d0Wo.1Ss SEwith a conductiv-
ity of 40 P 6 A fdhows the highest ianconductivity reported for sodiumion conductingelectrolyte.
Key for the high ionic conductivity i8) the introduction of vacancies using aliovalent substitutiih
W8* and B) the isoelectronic substitution of P with @b itlowers the activation barrier for the ion
migrationby widening the diffusion bottleneck

Themajor advantage apart frotine sulfideshigh conductivity is their deformabilifyenabling to com-
pensate for volume changes of the active matesipécially in the cathodé consolidatioridensifica-

tion andusage ofconstant pressure throughout cyclisghowever essential as crystaline sulfide
typeelectrolyte Iees contact upon pressure releathisleadsto pore formation and therefore a tantis
transport pathwayesulting in adecreaseéffectiveionic conductivity.The alternative of synthesizing
amorphous sulfidéype electrolytes containing nanocrystallites has the advantage of an improved con-
tact upn pressure release. However, the disadvantage is the decreased bulk ionic conduttesty o

amorphous electrolytes

In terms of electrochemical stability this typeS# lacksthe necessanpoltage stabilitywindow?* lead-
ing to the formation ointerphaseboth at the anode side (reaction vatdiun) and cathode sidehich

will befurther discussed in chapter 2.2

Halide electrolytes

As a relatively new group @Es the challenges and capabilitefshalide and especiallghlorideelec-
trolyteshave yet to be studied in depth. As fioe sulfides,first studies have demonstrated an enhance-
ment in ionic conductivity when usinmgechanochemical synthesis compare8#s preparedhrough
high-temperaturesynthesig® The possiility to cold sinter them by compacting th&mignifies a suffi-
cient contact upopressing and therefore a high softpegsch is needed within the cathode composite.
However, so far sodium chloride electrolytes show conductivities far below thosele$ and sulfides

in the range of 18 6 A EBPTheirthermodynamigedudion stability was calculated to be insufficient
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2. Fundamentals

vs. Na'/Na.?’ Also lithium-based halide electrolytes show a reduction instapflilyading to a mixed
conducting interface, that is a constant grow of the reaction layer (see ¢hdptethium-based hal-
ides have, however, proven themselves to bestalyle to oxidatioff and theoxidative stabilityof the
sodium counterpart withefurther investigated in this work.

Oxide electrolytes

Only a few oxide electrolyte structurkave beelntensively studid, which are Na / {-&lumina and
NaSICON structure¥.Na- / T-&§luminag which even as polycrystallinematerial reaches ionic con-
ductivities of up to 6P 6 A B,Rs already used in industry within the ZEBRA cethich operates at
high temperatures with molten sodium. NaSICON structures presented and studied in this work have
been intensively studied but eldo their rigidity not yet used in full cell applicatiorisven though
NaSICON phases are predicted to be thermodynamigaditableagainst sodiupstudies have proven
that the formation of N&#Q, on the surfac® by adding an excess sbdiumandphosphorusluring the
synthesis leads to a stabilization of the interface on contact with sagOxide electrolytes offer high
ionic conductivities and a wide voltage stability wind&vare more resistant to contact with atmos-
pheric gases #m most eletrolytes and show low charge transfer resistaatele interface witlso-
dium. Major drawbacks arboweverthe high temperaturegecessarjor densificatiorof the oxidesor
co-sintering with the cathode materiaés this is costly and can also lead to unwanted reactions with
the cathodgorming resistive interphases. Otlteanthat the lack of deformability especially RSSBs
causes mechanical issues upon manufacturing of thin layers and during cyclinguane sxpansion

within the cathode which can cause cracking and delamination of the rigid SE.

2.1.3. Cathodeactivematerial

Within cathode active materia{€AM), this work will only focus on transition metal oxid€@MO)
intercalation materials. During discharg®dium ions intercalate into oxygeransition metal slabs
reducing the transition metals and vice versa during chaM®. dathodes are high voltage materjals
causing problems with the stability voltage window of many electrolytes. They are mixeelmgiic/
tronic conductors and have to be used within a composite with an ionic (solid electrolyte) and mostly
also electronic conductor (carbon). For ASSBe morphologyparticle sizethe volume expansion

and cracking of the cathode active materials ductmgrging and discharging play the most important
role as the solid materials lack the good contact compared to liquid elect?éktesod TMO cathode

active material shoujdther than thatshow high capacity, reversible-giatercalation of sodiunons

and no degassing during cycling. The particle size and size distribution is to this point highly discussed,

see Minnmann et &f.
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Lithium and sodiunTMOs display distinct variations their voltage profilesluringintercalationand
deintercalatiorof the corresponding catiofrigure 2 presentseexemplaily the voltage profiles of Na-
Co(; and LiCoQ, where NaCo@demonstatesseveral distinctoltage plateayssignifying multiple
individual phases, whileiCoO, shows a rather gradual phasansition The size of thesodiumion
accounts for these variationdpon extraction or insedn of the largsodiumions, the TMOframework
undergoesrdering phenomenavithout breaking th&ansition metatoxygenbond?* The type of tran-
sition that occurs determines whether irreversible changes take place in the structure, resulting in a loss
of capacity.The most common structures are B2d O3type phases with P (prismatic) and O (octahe-
dral) being the coordination s#téor the sodiuntons within the lattice and 2 and 3 being the repeated
stacks of oxygen layer in the crystal structdree type of phase is primarily determined by sodium
content (via synthesis or cycling) but also by the transition raathhr synthess condition. Generally

the prismatic sites enable a faster ion diffusion, howevetyf2phases have diminished sodium con-

tent ergo less capacity.
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Figure2: Comparison of NaCofand LiCa voltages profiles reprinted with permission from Nayak et
al*® andNaMeQ (Me= metal) phaseB2 and O3 reprinted with permission frdfabuuchi et af®

TheTMO intercalation CAM used within this work isremostP2-Nao se~€).4MNo.sMgo.102. The unsub-

stitutedO3- and P2Nap s~ sMnNo 5O, materialhas beemriginally studied by Yabuuchi et &t.but its
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phase changes especially at high voltages remain a controversial teggabstitution withmagnesium
reportecby Yang et af’ doesnot only lead t@ structural stabilization but the enlargement of the inter-
layer spacing facilitates treodiumion conductiorand has shown apart from its earth abundant mate-
rials good performance in liquid based cells.

2.1.4. Anode

As anode material foASSBs metal electrodes are highly discussed for their high energy density and
reduced dendrite formationith solid electrolytecompared to liquid electrolyteSodium metals a

very soft materi&f which canlead to creepOne has to specify that eqein this casesithe definition

of a transport mechanism within the metahich can be in fact beneficial as consistently metal will
creep to theolid electrolytdseparatointerface enabling high current densiti&dHowever, he softness

of thesodium metatan also cause problems, particulamhder pressureyhich isrequiredfor contact

in the cathode composit€he metalmay be forced throughslightly poroussolid electrolyte®® posing
thepotential issuef a short circuitFurthermoremany solid electrolytegspecially sulfide electrolytes

are highly reactive with sodium metal. As an alternative, alloy materials can be used as anode material.
They show increased mechanical and electrochemical stability. Many alloy materials expérsnc

ever, & even strongerolume increaséhan pure metalpon sodiation/lithiation causing contact issues
within the ASSBs. Within this wotla sodiumin alloy material was studied. Considering thedSia

binary phase diagram and the study of the sodinsertion and removal of a tin thin film by Ellis et'al.

a suitable alloy material was chosdihe voltage curves within the work showed several distinct plat-
eaus. One of which correspisto a NaSn #:NasSn two phase region which presented a paenfi

0.2V vs. Nd/Na. It was chosen due to the lowest volume expansion and highest voltage difference to
the cathode materialvhich signifies highcapacitycells, without including sodiunmetal The alloy
material shows good mechanical properties anid@eased stability towards the sulfide separator ma-

terial as also verified in this work

2.2. Alloy anode material

Alloy materials and especially tlsmdium#in alloy are highly complex materials and a topic that has
been widely studied but still not fullynderstood. The first section will be on the theory of alloys and

the alloying principle and the second section on experimental observations and potential explanations.

An electrochemicadlloying reaction of sodium with another metal occurs throughdimadtion of a

binary alloy with different stoichiometry in a stepwise manner:

TfPETFE ~ fs
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Alloys, as they themselves are metals, are electronically conduttiegpropertie®f analloy, how-

ever, candiffer from theindividual metals) it is composed ofThe introduction of metal atoms of one

sort into the lattice of another leads to stress whichcbangets propertiesespecially mechanically

There are two alloying processes. Interstitial alloying occurs weerdifferent sized metal atoms are
alloyed and the smaller metal species rests in the interstitial posititims afom structure dhe other

metal. During substitutional alloyinghe atomic position of one metal atom is substituted by the other
metal atomIn both cases the alloying leads to a large volume expansion creating issues especially in
ASSBs.

The phase/phases formed throughout the alloying procedure can be extracted from the phase diagram
theoretically calculated through density functional thg®FT) or for thesodiumzin alloy case con-
structed experimentallyDver the course of time differestndiumzin phase diagrams where determined

that partially differ in thestoichiometryof the different phaseBigure3 andFigure4 show two different

phase diagramsith thefirst one being the most recent one and the foundation of the future discussion.

Figure3: Sodiumzin phase diagram from 1998 digitalized and replotted

11
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Figure4: Sodiumzin phase diagram froh928 digitalized and replott¢d The phases marked in red
differ in stoichiometry or notation from the phase diagram from 1998 by Sangster et al.

Despite the established phase diagrams, in some cases, anodes made of alloys can follow a reaction path

that differs from the equilibrium phase diagram.

The alloying reaction o$odiumzin forms amorphous and metastable crystalline intermediates which
are difficult to study with common characterization technidti&sirthermorethe alloying of sodiunt
tin strongly dependsen many parametersishascurrent density, cut off voltage, cycle number, thick-

ness of the electrode, cell configuration and electrolyte.

Thealloy material used in this work synthesized mechanically. The ratio between sodium attidin
was chosen, leads to aiready sodium rich phasdter synthesis. Therefore, tf@cusis put in the
sodium rich phase(s) of the phase diagram being the two phase regin bNa, the Na;sSny phase
and the two phase region Nan, :NasSn.

2.3. Electrode interfaces and degradation mechanisms

After cell assembly the interface from electrolyte to active material whether within the cathode compo-
site or from separator material to anode material can experience severaHggueserfaceresistance

can be caused by contaminants, vaidslectroe/chemical instabilities.

12
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Electrochemical instabilities

Both chemical andlectrochemical instabilities lead to the formation afadid selectrolyte interphase
(SEI. The samghenomenoilis calledcathodeglectrolyte interphasgCEl) at the cathoddn ASSBs

the term SEI may be misleading as solid electrolytes are used. Hosienitar, to liquid cellsjt repre-
sents the interfaces/interphadesween electrolyte and electrodde electrode|electrolyte interface or
interphasesan becategorizedas follows:(1) If no reaction betweethe electrode material anthe
electrolyte takes place stable interface is forme(®) If a reaction between electrolyte and active ma-
terial/eled¢rode takes placandan interphase is formed, that feasonic conductivity but no electronic
conductivity, this interphase isalled SEI/CEI. Iwill passivate and not grow indefinitelf8) If a reac-
tion between electrolyte and active material/electrode takes place and an interphase ithedrines
ionic and electronic conducting propertiess called mixed conductinginterphasgMCI) and grows
consuming the electrolyt&his characteriation has mainly been used for metal anode materials but
equally applies for the interface between SE and CAM, current collector or carbon.

The electrochemical decomposition of a SE occurs primarily due to its narrow thermodynamic stability
window. For the representation @he electrochemical stabilitwindow for liquid electrolyteghe high-

est occupied molecular orbital (HOMO) and lowest occupied molecular orbital (LUMO) used to be
consideredasspreado the battery community by Goodenou§lEquivalently for the SE, the con-
duction band (CB) and the valence band (Vi&ye been considerétiThe theory was that if the CB
minimun'VB maximumhas ahigherlower energy then the anddathode material the solid electrolyte
would be stableHowe\er, this approximion only considers electrons.hg example of the redox sta-
bility of water being 1.2% vs. the HOMOLUMO energy gagEg) of 8.7V supports this misconpe

tion.*” It neglects thenergy contribution of the igmvhich, in case of an instabilityill leave the elec-
trodelike the electrordue to charge neutraliy.lt is, therefore, onha first approximatiorwhich only
provides an upper limit.The stability window can be calculatétroughquantum mechanical calcula-
tions. If thelowesthighest energy i Eoxidation @€] Ereduciiod) Of thestability window is calculated to be
lower'higherthan theelectrochemical potentials of the antmghode( &ganode / &5cathoad it degrade

and forns an interphase at the electrodésThis occurs whetthe formation of an interphasie not
hindered kineticallyFigure5 illustratesan electrochemically unstable solid electrolytere the sta-

bility window is not determined by tHeB or VB of the electrolyte
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Figure5: Schematic illustration of the energies of the electraitability window adapted froniPeljo et
al.*" Depicted are thealence ban¢ivB) in dark blueand conduction banB) in light blueof thesolid

electrolyteandthe electrochemical potential of the anQ%Anode), here sodiumas the rductant and
the electrochemical potential of the cath()é%cmhodg hereatransition metal oxidéTMO) as the oxi-

dant Thestability windowwith an upper energy limiti€[Ereducion@ DQG D ORZHUWUEQHUJI\ OLF
datior]) 1S sSmaller than theell voltage(e[ Ecei]) which signifies a reduction/oxidation of the electrolyte if
no stable SEl is formed at the interface.

Considering the work blyacivitaet al?*the redictionstability of NaSICONwas calculated to be 1.1

vs. Nd/Na. The reaction with sodium, howevehowed kinetic limitations due to the formation of a
stable SEI. Tis explains why SICON materials with a stability windoimcluding low voltagesre

used at the anode sidéaSICON forms decomposition products with high voltage cathode materials.
For the material with a slightly higher phosphorus content:&taSiPOi2 vs. Na 4Zr.Siz 4P 6012 the
oxidative stability was calculated to be 3M¥s. Na/Na*® The oxidativedecomposition productsere
calculated to b&rSiOs, Oz, SIO; andZr2P2Os.

To the knowledgeof the authorno calculations were performed for the precise composition of
Na.4Ero.4Zr0.6Cls. Nevertheless the halide electrolytesMaCls with Me = Er exhibits a structural sim-
ilarity and calculations revealed a high voltage window ranging from approximatel§/t0.8V vs.
Na'/Na’® Even though it lacks stability with sodium metalshows greabxidative stability. Further-
morg the naterial Nap.25Y 0.25Zr0.75Cls (NYZC) with yttrium instead ofrbiun® alsoshows astability
window at comparably higher voltages aiscsuccessfully used in composites witigh voltage cath-

odes An insufficientanode stabilityfor that NYZC halideis reported bybeysheret al?’

Sulfide electrolytes showraoverallsmall stability window as shown by Tidhor Lacivita?* For the
reaction of NgSbS with sodiummetal a chemical instabilithas beeralculate¢h? forming NaS and

NasSb which upon cycling leads tbe formation ofSk*® at the anodeAs NaSb and Sb are mixed
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conducting materia)Ja MCI is formed degrading the electrolyte continuou&lythe cathodea chem-

ical instability forming SkSs and S is calculated.

A decomposition of the solid electrolyte formingtableSEI/CEI, however, can be partially reversible

if the appropriate potential rangarohg cycling is chosen. Considering that most decomposition prod-
ucts are poor ionic conductors, an irreversibleodgmosition leads to a local increase in resistance at
the SHelectroddnterface This in turn leads to a decrease in partial ionic conductiityin the com-
SRVLWH D KLJK RYHUS R Wdthé \of clia@eDid) 6XHe laQlive Weeral3fioh H\2I©

to cycle and hence decreasing the ASSB cell performance.

Chemicalreactiors

Even if not electrochemically induced, interfaces can still undergo chemical reaxtétisne or tem-
peratureLiterature onithium sulfide electrolytes bipark et aP* state that most SE interface reactions
with the current collector or the carbon additives derive fronpteeencef functional groups on the
surface. These functional group® #H groups, carbonates and water residttals these functional
groups are limitedit can be assumed thaibstdecomposition productt these interfacese prinarily

formed through electrochemical decompositidh.the SE|CAMor the SE|anodaterface, however
chemical reactions can take place with or without additional functional groups as been heavily studied
not only for lithium SSB¥*° but alsosodiumcontainingsolid|solid interface&"5°

A key issue that has to be consideretthég experimental evidence of chemical reaci@often hardly
distinguishable from electrochemical degradatieanalytical methods can induce damage and decom-

position.

The electrochemical and chemical reactiorentionedn this chaptetead tomostlyundesired products
which with a few exceptions lead to resistive interlayers. As mentioned,dbese resistive interlayers

impede sodiunion transport and lead to a decrease in cycling performance.

Protective layers

Protective interlayers can lised ifchemical or electrochemicedactions take place between the elec-
trode material andlectrolyte as described aboW#ith the usage o& protection layertwo new inter-
facesare formed One fom the protection layer towards the electrode matenidlome towards the
electrolyte. Even though they do not necessary need to form a stable interface as describttegbove
should, however, at least form a stable interpiagedamental considerations for an appropriate coat-
ing, as well as coating methodsd various material classes successfully uséthiom-based ASSBs
are discussed by Culver ettaDerived from coating materials and strategies feABSBS$? as well as
study on coatings for cathode materialsStBs®3* research has recently found interest in coatings for
Na-ASSBs®’
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2.4, Chemo mechanica&ffectsand mechanical considerations

for all-solid-statebatteries

In ASSBs, omposite cathodes are employed due to inadequate ionic and electronic condumtish of
cathode active materials. These composite cathodes comprisedimeenentsan electrorconducting
material (e.g. carbon), an imonducting material (SE) to facilitate contact with each resltive par-
ticle, and a mixegtonducting material for catiadiffusion within the particle.

There are thremain issuesissociated with cathod®mpositesThe first issue as mentioned above is
the consumption of charge carseduring the formation of a CEThe secondssuearisesduringthe
fabrication processf cathode compositesvhere theestablishmenof anefficient diffusion pathways
crucial This requires achieving homogeneous distribution of particlasthin the cathoddghrough
proper mixing and distribution procedwse as well asattaining the optiral volumetric ratio of
SE/CAM/Carbonfor efficient cycling ¢ The thirdissue is the potential digption of thepercolation
network in the cathodéue to volume expansiaif the active materialuring intercalation, cracking of

the SE or insufficiendistribution

The issues apart from chemical or electrochemical instabilities at the anode can bechguatime-
chanic Poor contact and void formation during stripping can lead to high transfer resistances. Further-
more thevoid formation during striping can lead tanincreased current flow at the remaining contact

points facilitating dendrite growth during plating.

To overcome these issydsis essential to ensure a veige andstable interface betwedhe cathode
composite materialas well as the separator electrolyte and the anbidstabilitiesare preseng coat-

ing maybenecessaryThe solid electrolytshould possess sufficient flexibility/softndescompensate
volume changes of the rigid cathode active materalditionally, the application oéxternal pressure

is required to ensurgood contact during cycling. Alternativelgerostrain cathode materssuch as
vanadium phosphates can be used, which, howbaee, lowercapacities and are not addressed in this
work. Lastly, achieving homogeneous mixing, as described earlier, is essential to address these chal-

lenges.

2.5. Reference electrode

A method to study the aforementioned causes for capacity fading is the incorporation of a reference
electrodgRE). The necessity for RE in battery cells lies in the fact thavo-electrodemeasurements
can hardly separat®ntributions from the cathode or anode. These contributions often overlap in meas-

urements such as impedance measuremienkattery cell testindor cells with liquid electrolyte the
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use ofREsis already very common. For the use in ASSB, however, the construction and positioning of
the RE are the greatest challengésiroducinga REto a SSB cellvithout changing the cell geometry
significantly, has beemstablished by Hertle et Al.

The RE used within this work is a tungsten wire with a gold coating which is covered by a tin layer
representing thRE. To be correct this electrode is actually a psenederence electrode. What is meant

E\ WKDW LV WKDW D 3UH Dlave d defindd pofeRtidiHic iskRofiuvRti@®HE Heikgy W
measured in the systemnd alternativelycarry the same chargmarriers as the electrode which it
refers.To create a real RE an situ sodiation of the tin wire could be performed. In this work a stable
potential for the sodiated tin RE was, however, not reached. Reasons could be that the phase diagram of
sodiumzin shows several voltage plateaus during alloying. For fabrication and geometry reasons the
amount of tin throughout the wire is a) not completely homogeneous and b) fairly low. This can lead to
fast changes of phases while alloying. Furthermore, aiseauftthe newly forming alloy during sodia-

tion of the tin alloy with the electrolyte could result in the depletion of sodium in the wire. The as
mentioned reasons could lead to the unstable potential of th€heEnost important poirfor a RE
howeverjs a stable potential. This stable potential is reached in this work for an unsodiated tin electrode
as can be seen in the supporting information of Publicati®hel fact that the potential of the RE only
reaches a stable potential with time can bebaitieid to slow kinetics of the alloying at the surface of the

RE or rather the SEI formation.

ORUH JHQHUDOO\ WKH FRQFHSW KkexplarreyintKefdowlndonsidétigg-F H HOHF
first of all a symmetric sodium ion battery cell witlRE and liquid electrolytéLE). Upon current flow

one of the sodium metal electrodes oxidizes releagidginiions and an electron:

1D- 1D EH 3)

The open circuit potential of the two sodium electrodes can be described by the Nernst equation:

':1DL '4'1DE462£GL ?2KJOP
: : Vi —1D : (4)

If the RE is a na-sodiated electrode such agiraelectrode the following reaction can occur upon
contact with the_E:

6Q- 6& EJH (5)

And at the same timaue to charge neutrality amdth respect to the phase diagréseeFigure3), at

the same electrode:
JIBEJHEI «-J1De. E | FxJ; » ©6)

The open circuit potentials of these reactions are:
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. R 46. =10:
. f e. ’,L . f °. EV(Z%G (7)
=6
':6QL'4:6QEV(ZF_—6®;G (8

However, they are not defined since the activitf the sodium on the tin electrode and the agtivit
of the tin ions with the electrolyte is not known and very low and arises from impurities on the electrode.

The following reactiorcantakes place during sodiation of the reference wire:
6EJILD-6&F EJ f . E:l FxJ; » 9)
Combiningthe potentialdrom equation(7) and(8) leads to the following voltage:

s iavz -:1I5=6Q
S L¢ EV(Z .f-;;=6®>

If the activity is high enough to induce a reactimch as alloying ofhe sodium into the reference tin

(10

electrodea stable but unknown potential vs. the two sodium electrodegexted.

These assumptions are valid éalls withLEs. For solid electlytes two additional aspects have to be
taken into accoun€Consicering thatSEsdo not have a charge charrier concentration gradient this would
imply that a depletion of sodium ions at the RE|SE interface occurs, creating additional voids and chang-
ing the hopping mechanism of the ion migratids.this depletion can only be marginaledto charge
neutrality this phenomenon would only occur at the RE|SE interface andthimeetivity is lowthis

will not changethe overall bulk conductity of the electrolyteConsidering that for charge neutrality
WKH WLQ LRQV ZRXOLX WIRYW KNHRIENDIHANWG Fh Siddr¢haction at the interface

forming the stable but undefined potential is very likely.

A B

Figure6: A) Representative symmetric sodiumsdlid-state battery cell with a tin referenceatode,
two sodium electrodes, a solid electrolyterquoise). The interphase area (light orange) here labelled
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solid electrolyte interface (SEI) at the reference electrode that must be depleted from sodium ions and
enriched with St ions. B) Representative symmetric sodium ion battery cell with a reference electrode,
two sodium metal electrodes, a liquid electrolyte (light turquoise) with an increased concentration of
ions at the electrochemical double layer.

2.6.  Analytical toolsand heir limitsfor sodiumsolid-state bat-
tery studies

2.6.1. Electrochemical Impedance Spectroscopy

Electrochemicalmpedanceapectroscopy is a powerful tool to measure-destructivelyin situchanges

in the resistance of the studied probe. However, the intetipretaf the retrieved impedance daia-
cessitates a good knowledge of the studied system. The more complex the system the more information
intermix which can create false conclusidigen if the processes contributions to the impedance cannot

be resolveda quantitative analysis of the spectrum can serve diagnostic purposes giving insight into
changes of the prob&his chapter will provide helpful information to understand the use of the imped-

ance measurements within this work.

During animpedance measuremeatsmall periodisinusoidal voltagsignal is applied to a system. It

is essential that the system remains stable throughout the course of the measurement to accurately meas-
ure the relationship between the signal and the respdrasdebradation process is, however, studied,

this is not given. Especially for a long signal inmrgo low frequencieshe sample can a) experience
changes on its own which are then difficult capture and b) might be influenced by el@mgthgut

time.

Figure7: Exemplary sketch of symmetric cell setup with the crystal structure of the used sulphur based
solid electrolyte and the hopping mechanism of theiblas. The upper and lower wave represent the
sinusoidal voltage signal input upampedance measurement with high (upper) and low (lower) fre-
guenciesAdditionally the representative trajectory of‘Nans in one wavelength is symbolised by the
arrows explaining a stronger influence of the cell with low frequency.

Apart from degradatio processeslso open voltage relaxation after current flow can leaibtaficant
changes withimmeasuremenespecially at low frequencieBhe appropriate amount of relaxation time

until the system reached an equilibrium has to be adfted currenflow andprior to the impedance
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measurement. Depending on the voltage drophbisever signifiesthat the resistance measured is not

necessary the one of the cell at thement the current was stopped.

Upon cycling and consecutive impedameeasurements after each charge and dischargenstegnly

the aforementioned degradation products or contact losses can change the impeidtmestate of

charge alters the resistarae well Reason is the hopping probability sodiumions in the edctrode

material. TMO intercalation CAMs are syn#iised in the sodiated state. Alganostatic intermittent

titration techniqu€GITT) where sodium ions are removed from the active material and reinserted step-
wise can clearly show this phenomenon. $béum-ionswithin the lattice ee kinetically hindered and

with increasing depletion hopping gets easier. Once a threshold is reached the hopping mechanism slows

down due to the deficiency of availalslediumions for hopping.

Three electrode impedance ma@&ments

Figure8: Exemplary sketch of reference full cell with included impedance spectraanblde in this
example would only have a contribution from the SE|Anode interface with an additional offset due to
thebulk SE resistance. The cathode impedance is depicted with an offset dubutktBE resistance

and at least 2 additional contributions, e.g. SE|CAM interface and constriction

Apart from three electrode measuremetits separation of processes can tigeved by changing the
samples to a measurable extent. This can be the thickness of, &Hayese of either bloakg or non

blocking electrodes or via the use of temperature as certain pFshase different activation energies
The processes described within this war

a) Interfacestfitted by a RCPE elemen{R = Resistor, CPE Constant Phase Element)

b) Interphasestfitted by two R-CPE elements if the bulk resistance afahnotbe resolved

c) Diffusion fitted by a CPE as aimmalies such as electrode morphologies lead to values that
differ from the i0.45° for the classicAVarburg element used to fit diffusion

d) Electronic conductivity+fittedby an RCPE element if ion blockinglectrodes are usext R

if electronic blocking electrodes are used
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e) lonic conductivityof solid electrolytestfitted by anR-CPEelementf ionically blocking and

by an R if non-blocking.

The latter process is a good example of why single measurements can hardly give enough information
to extract all information from a single impedance spectiKmowledge of the impedance of the bulk

solid electrolyte fronfFigure9A can give valuable inforation for fittinga spectrum of a symmetrical

cell with additional electron conducting electrodes. The interface between the S&tlamdcan hence

bedetermined more precisely.

Figure9: Comparison of impedance measurements of a SE electrolyte with electron blocking electrodes
giving the clear magnitude of the resistance antémaviorin a cell with norblocking electrodes. The
measurement with blocking electrodes can be used feefitipedance of the symmetrical cell where
only thecontributions from theharge transfer between the electrodes and the SE is visible.

2.6.2 Surface analysis via XP$pF-SIMS, EDX

Figurel0 clearly shows that some of the analysis techniques used within this work (coloured) are more
suited to detect degradation products at the intetfereothers. WhereaX-ray diffraction XRD) can

detect structural changes thetection limitfor most inerface reactiomproductsis too small.X-ray
photoelectron spectroscopXHS) and time-of-flight secondary ion mass spectrometMo-SIMS)
analysis with a resolution suitable for interface reastare surface sensitive methods that can expand
their penetration depth via sputtering. Depending on the mategatnergy input during sputtering can
generate enough energy to cause reactions and may falsify the analysis of degradation products caused
throughchemical orelectrachemical reactions prior to analysis. Sputtering a reference material can be
one method to avoid these pitfalls. In TSRS analysisthe collision cascade can introduce fragments
that aretypical of degradation productsvhich in the individualreference materials would not be de-
tected. Therefore, trends between two samples of the same compositidn,asa cycled and an
uncycled composite, catrongly indicatevhether the detected fragment is a reaction product or induced
by the collision cascadé&or a comprehensive overview of the constraints associated with the investi-
gation of cathode composites via XPS dimd~SIMS, the dissertation by Felix Walther is to be con-

sulted.
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Figure10: In colour, theanalysis techniqguesTo~SIMS, XPS, XRD, SEMgnergydispersive Xray
spectroscopy (EDS @bbreviated EDX in this workused within this work to study situ and post
mortem degradation processes, structural and morphological properties. Modifiedl Eorofins Sci-
entific (www.eurofinsEAG.com)

Together with SEM imagingnergydispersive Xray spectroscopyHDX) is afast andeasily available
analysis technique to retrieve elemental information of a saffipéepenetration depth of the incident
beamis dependent on the voltage. The higher the voltage, the deeper the information can be extracted
from the material by the incident beam. The elemental information is depentdéreenergythat is
released in form of Xays also called radiation energfat the relaxation of an electron from an outer
shell to an inner shell emits. This relaxation takes place as an electron hole is filled where an electron
was ejected by the incident beaBlements such agrconiumwith 2.042eV for thel . radiationand
phosphorusvith 2.013eV for theK . radiationhave close to identicaadiation energgnd are therefore

hardly distinguishableTo detect th&K . radiation energy ozirconiumone would have to increase the
incident beam voltage to more than 15.776 kV Whiouldincrease the penetration depth and decrease
the resolution significantlyit is therefore not possible to distinguish betwesnréace layer of N Oy

or NaZr,P,O by EDX analysis the relevance of which will be demonstrated in the fitdtlication
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3.Results and Discussion (Publications)

At the beginning of this work studies on full cell sodiumsallid-state batteries have been scarce. The
individual cell components such as solid electrolytes, cathode active materials fobégaiticells as

well as alloy materials, however, had been increasirgggarched. As the lithium solsdate battery
counterpart has attracted increasing interest even in industry the case study for the more complex sodium
system became the aim of thisnkio

The two following chapters introduce the two publication providing the base for this doctorthegis.
each lay focus on different parts of the sodiunsalld-state battery both studying primarily the inter-
face reactions vianalytical and electrochemiaalethods. The first publication sheds light on the reac-
tions at the interface of sulfideased solid electrolytes and oxidased electrolytes with sodium metal
or a sodiurdin alloy anode, primarily in half cells. The secgmblication emphasizes on the cathode
side and the reactions at the interface with sodium oxide cathode active materials witkbaskider

halidebased electrolytes.

3.1. ProtectiveNaSICON Interlayerbetweerm SodiumAin Al-
loy Anode and Sfide-BasedSolid Electrolytes for All -Solid-
State $diumBatterieg(1% Publicatior)

In this publication the strong capacity fading of a full cell with the configurationt Na
Sn|NaSbS|Na.4Ero.4Zr0 6Cls:Nao sd-e1.4MNo sMgo.102:C65 is investigated. One of the reasonshie re-
action of the sulfubased electroly®eNa;SbS and Na.¢Shy sWo 1S with the sodiurrtin anode studied

via impedance spectroscopy anday photoelectron spectroscopy. The introduction of an exided
NaSICON solid electrolyte between the sulfiéparator and the anode leads to a blocked degradation
inducing a stable resistance. Howevke, NaSICONsnechanical rigidity andt the same timieneed

to apply high pressuyto ensure a good contact within the cathades not lead todncreasedycling

stability.

The experiments presented in this publication were designed and executed by the first author under the
supervision of F. H. Richter and J. JanekTill synthesized the sulfide electrolytédetveldrefined

the NaSn material and fild all remaining XRD data with Pawldiys obtaining the lattice parameter

and space group under the supervision of W. G. Zeier. N. Nazer synthesized the cathode active materials
and prepared a reference liquid electrolyte cell provided in the supponiagnation for the
Nay.ss-&.4aMno sMgo 1O, cathode active material under the supervision of P. Adelhelm. M. Bhardwaj
synthesized the NaSICON disksdgprovided the cross section SEM image as well as the density char-

acterization in the supporting informationder supervision of F. Tietz.
This study was part of the NASEBER project faddy the BMBF.
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Reprinted with permission from L. E. Goodwin, P. Till, M. Bhardwaj, N. Nazer, P. Adelhelhietz,
W. G. Zeier, F. H. Richter and J. Janek. Protective N@Sl@terlayer between a Sodiuffin Alloy
Anode and SulfiddBased Solid Electrolytes for Abolid-State Sodium Batterie®CS Appl. Mater
Interfaces 2023 15, 5045750468, DOI:10.1021/acsami.3c09256
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Protective NaSICON Interlayer between a Sodium—Tin Alloy Anode
and Sulfide-Based Solid Electrolytes for All-Solid-State Sodium
Batteries

Laura E. Goodwin, Paul Till, Monika Bhardwaj, Nazia Nazer, Philipp Adelhelm, Frank Tietz,
Wolfgang G. Zeier, Felix H. Richter, and Jurgen Janek™
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ABSTRACT: This paper presents a suitable combination of rar . (kAR k)
different sodium solid electrolytes to surpass the challenge of Hirt ’
highly reactive cell components in sodium batteries. The focus is
laid on the introduction of ceramic Na; 47,81, ;P O, serving as a
protective layer for sulfide-based separator electrolytes to avoid the
high reactivity with the sodium metal anode. The chemical
instability of the anodelsulfide solid electrolyte interface is
demonstrated by impedance spectroscopy, X-ray photoelectron
spectroscopy, and scanning electron microscopy. The
Naj; 4Zr,Si; 4P 4O, disk shows chemical stability with the sodium
metal anode as well as the sulfide solid electrolyte. Impedance
analysis suggests an electrochemically stable interface. Electron
microscopy points to a reaction at the Na, ,Zr,Si; ;Po O, surface
toward the sulfide solid electrolyte, which does not seem to affect the performance negatively. The results presented prove the
chemical stabilization of the anode-separator interface using a Nay,Zr;Si, ;P50 , interlayer, which is an important step toward a
sodium all-solid-state battery. Due to the applied pressure that is mandatory for battery cells with sulfide-based cathode composite,
the use of a brittle ceramic in such cells remains challenging.

KEYWORDS: NaSICON, NZSPO, solid electrolyte, sodium battery, all-solid-state battery, protection layer, anode, sodium tin

H INTRODUCTION at room temperature, making them highly attractive as SEs for
composite cathodes. Their disadvantage is their strong
reactivity with typical anode and cathode materials.® Chloride
and oxide solid electrolytes are chemically more stable;
however, oxides as typical ceramics feature high Young's and
shear moduli,” and halides do not show sufficient ionic
conductivities."” Borohydrides require an intricate synthesis
procedure and are not easily available. At present, the most
commonly used type of sodium SEs are NaSICON-phases
(Na" Superlonic CONductor) with the formula
Nay,,Zr,Si.Ps O, with 0 < & < 3. The NaSICON-type
Na; 421,51, PO, solid electrolyte shows a high ionic
conductivity but is a typical ceramic.''

For LIB, the most common anode material is graphite. The
Na' ion (r(Na") = 102 pm) has a larger ion radius than Li*

As the need for resource-efficient and sustainable electro-
chemical energy storage increases, the development of sodium-
ion batteries with either liquid or solid electrolytes is pushed
forward. One of the predominant questions in all-solid-state
battery (ASSB) research is what type of electrolyte to use. As
solid electrolytes are mechanically rigid, different electrolytes
can be employed as, e.g., separator and catholyte without the
risk of intermixing, thereby optimizing the cell function.
Suitable solid electrolytes (SEs) must provide a high ionic and
low electronic conductivity, a mechanical, chemical, and
electrochemical stability, and must be safe to handle and
use.' Sodium-based batteries are increasingly studied due to
similar cell concepts compared to the lithium-ion battery
(LIB), as well as the high elemental abundance of sodium and
high energy density.”~* Sodium SEs can reach an ionic

conductivity comparable to commonly used lithium or sodium Received:  June 29, 2023
liquid electrolytes.” They can be grouped into sulfides, oxides Accepted:  September 18, 2023
(including phosphates), halides, and closo-borates, among Published: October 19, 2023
others.”” The advantages of sulfide-type SEs such as

Na, oSbooWy S are their mechanical softness and their

potential to reach ionic conductivities 6(Na*) >10 mS-cm™

© 2023 The Authors. Published b
e rican Chamical Society https://doi.org/10.1021/acsami.3c09256

: : American Chemical Societ
VACS Publlca’uons merican themicel Socey ¢ 457 ACS Appl. Mater. Interfaces 2023, 15, 5045750468
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(r(Li*) = 76 pm), and its intercalation into the graphite layered
structure has been perceived thermodynamically impossible.'
Recently, studies have shown a method of cointercalation with
solvent molecules, which, however, in a solid electrolyte
battery is not applicable.'*'* For sodium ASSB studies, sodium
metal is used most commonly as the anode material.'""'> The
use of sodium as anode is most attractive for maximizing the
energy density of the cell, but its application is difficult for the
same reasons that are known from lithium. In particular, side
reactions with the solid electrolyte and the formation of
dendrites during charging remain key challenges. As an
alternative, the use of sodium alloys is increasingly studied as
anode material.'"'® Elemental tin (Sn) as anode material
experiences a volume increase of up to 525% during sodiation
to Na;Sn,.'” In addition, a partially irreversible sodiation
occurs at the Sn anode in the first few cycles, leading to a
sodium ion deficiency at the cathode and a subsequent loss of
capacity.””*" This can be solved using a sodium—tin alloy as an
anode starting material. Considering the phase diagram of
sodium—tin and the work of Ellis et al.,”* the two-phase couple
Na,Sn/Na,sSn, (for the sake of simplicity, hereafter named as
Na—Sn anode) offers a stable potential of 0.2 V vs Na'/Na
both upon sodiation and desodiation when used in sufficient
excess. Passing the single-phase intermetallic Na,;Sn, during
extended sodiation, the anode enters into a two-phase Na/
Na,sSn, mixture with a potential of 0 V vs Na'/Na upon
sodium ion intake. Using the Na—S8n anode, irreversible
sodium uptake by the SE and SEI formation is reduced.”* As
synthesized by ball milling and consecutive grinding, the Na—
Sn alloy is harder and less ductile than the sodium metal. The
handling during cell assembly is therefore facilitated.

The highly conductive, soft sulfide-type SEs like Na;SbS, are
chemically unstable in contact with a sodium or sodium alloy
anode at room temperature.”” The formation of a resistive and
ion-blocking interface caused by chemical decomposition can
be detected with impedance measurements and X-ray
photoelectron spectroscopy experiments.m_26 The proposed
solution to the above-mentioned problem is an interlayer of
Nay ,Z1,8i, 4Py 601, (NZSPO), which prevents the deterio-
ration of the sulfide SE in contact with the sodium anode
material. It consequently also minimizes the overpotential of
the anode during cycling and improves the overall impedance
of the whole cell.

In this work, we demonstrate improved stability and stable
resistance using a NZSPO interlayer between the sulfide
separator SE and the Na—Sn anode. We present the capacity
fading of a cell of the type Na—SnINa;SbS,|
Nay 4Ery 4Zro sClg:Nag gsFep JMng Mg, ;05:C65 and the sepa-
rate cathode and anode contributions to the impedance
buildup using a three-electrode cell. Focusing on the anode
contributions, we study the impedance increase over time due
to SE decomposition when in contact with the Na—Sn alloy
anode. The decomposition products forming at the anodelSE
interface are resistive, which leads to a decreasing cycling
performance. The focus of the paper is the stabilization of the
resistance to avoid high overpotentials during battery cycling.
For this purpose, a NZSPO interlayer is inserted at the anodel
separator interface, which prevents the SE from decom-
position. The successful combination of a ceramic SE with a
relatively soft sulfide-based SE (which allows cold sintering of
the cathode composite) in a press cell setup is one of the key
novelties of this work. Supported by the impedance results, we
prove that NZSPO is chemically stable toward both sodium

and the sulfide SEs. An overview of the studied interfaces is
given in Figure 1.

Figure 1. Representation of the studied interfaces in this work. Focus
within the full cell was on (1) the anode (Na—Sn)lsolid electrolyte
(SE) Na,SbS, interface and (2) the anodelSE Na,oSby oWy S,
interface. (3) Surface of NZSPO under in situ deposition of sodium.
Interfaces and impedance behavior after insertion of a protective
NZSPO interlayer between the anode (Na—Sn) and sulfur electrolyte
(4) Na;Sbs, and (5) Na,,SbyoW,,S,, respectively.

B METHODS/EXPERIMENTAL SECTION

The following materials were synthesized, as described in the
Supporting Information: NazSn/Na,(Sn,, Na, Er,,Zr,Clg,
Nag ¢sFeg  Mny sMgy 1 O,, Na3SbS,, Na, 4Sby oW, S, and
Nay 475,815 4L, O 15

Cell Assembly. All cells were assembled in an argon atmosphere.
A special cell casing was used to avoid water, nitrogen, or oxygen
contamination and to maintain a constant pressure of 25 MPa, as
described in a previous paper.”” — (A) Symmetric cells. The
symmetric cells for the electrolyte stability tests were prepared with 50
mg of Na,SbS, or Na, 4Sb; W, S, SE powder, respectively, which was
compacted in a uniaxial press at 380 MPa for 3 min at room
temperature in a polyether ether ketone {PEEK) cell casing with a
diameter of 10 mm. For the cells without a protection layer, 50 mg of
Na—Sn was added on each side of the SE and compacted with a
uniaxial hand-press. The cell was consequently kept at a pressure of 25
MPa. A preparation scheme is presented in Table 1.

For the symmetric cells with a protection layer, two 1 mm thick
and 0.94 mm high silicon O-rings were placed on each side of the
pressed SE powder and filled with 30 mg of SE that is evenly
distributed within the ring. Two NZSPO disks with a diameter of 8
mm and a thickness of 100—200 gm are then placed on top of each
side of the solid electrolyte within the O-rings. Subsequently, each
side is contacted with a stainless steel rod as the current collector. The

Table 1. Preparation Scheme for Symmetric Cells without
the NZSPO Interlayer”

. Hand-pressed and kept at
50 mg; 380 MPa 25 MPa
+2x
50 mg
Na-Sn

“The preparation with Na;SbS, (here and hereafter illustrated in light
blue} is also representative for the preparation with Na, oSboaWy S,

https://doi.org/10.1021/acsami.3c09256
ACS Appl. Mater. Interfaces 2023, 15, 5045750468
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Table 2. Preparation Scheme for Symmetric Cells with the NZSPO Interlayer”

50 mg; 380 MPa

Hand-pressed and kept
at 25 MPa

Hand-pressed and kept
at 25 MPa

+ O-ring
+ 30 mg
sulfide SE
+
NZSPO

+2x
50 mg
Na-Sn

Measurement |

Measurement 2

“The preparation procedure for Na,SbS, shown here in light blue is representative of the preparation procedure with Na, 4Sb oWy ,S, (represented

in yellow in the Results and Discussion section).

cell was loaded with 25 MPa, and impedance measurements were
conducted. For the addition of the anodes, the stainless steel rods
were removed, 50 mg of Na—Sn was evenly distributed on the
NZSPO disk and the O-ring, the steel rods contacted again, and the
impedance measurements were conducted. A preparation scheme is
presented in Table 2.

The symmetric cell for the stability test of the anode potential was
prepared with 50 mg of Na;SbS, SE powder, compacted at 380 MPa
for 3 min in a hydraulic press in a PEEK cell casing with a diameter of
10 mm. On one side, 20 mg and on the other side, 100 mg of Na—Sn
were added onto the SE and compacted with a uniaxial hand-press.
The cell was consequently kept at a pressure of 25 MPa. (B) Na-
ASSB cells. Three Na-ASSB cell types were prepared. For each 50 mg
of SE, Na,;SbS, or Na, 4Sb, W, S, respectively, was compacted with
a uniaxial hand-press in the same cell casing as described above. For
the cathode composite, the NFMM, the NEZC, and an electronic
conductor (C65, Imerys Graphite & Carbon Switzerland Ltd.) were
mixed. The cathode composite (CC) was freshly prepared by
mortaring a 100 mg batch with weight ratios of 66:30:4 of
NFMM:NEZC:C65 for 20 min. 14 mg of CC were evenly distributed
on the pressed SE separator, and the combination of separator and
cathode was compacted in a uniaxial press at 380 MPa for 3 min at
room temperature. Following this, we distinguish between the cell
without (a) and with (b) a NZSPO interlayer. For cell type (a), 50
mg of Na—Sn was evenly distributed on the SE separator. For the cell
type (b), a 1 mm thick and 0.94 mm high silicon O-ring was placed
on the pressed SE separator and filled with 30 mg of SE that is evenly
distributed within the ring, The 8 mm in diameter and 100—200 ym
thick NZSPO disks are each placed on top of the solid electrolyte
within the ring. Consecutively, 50 mg of Na—Sn was evenly
distributed on the NZSPO disk and O-ring. All cells are contacted
with stainless steel rods and compacted with a uniaxial hand-press,
and the cell casing was kept at a constant pressure of 25 MPa. (C)
Three-electrode (3E) cell. For the 3E cell, a reference electrode (RE)
was prepared by the electrochemical deposition of tin on a gold-
coated tungsten wire (Goodfellow, 10 ym in diameter). Therefore,
500 mg of Brii® 35 (an acid-resistant emulsifier), 60 mg of 4-
diethylamino-benzaldehyde, and 4 g tin(II)sulfate were dissolved in 7
mL sulfuric acid, 4 mL of formaldehyde, and 100 mL distilled water.
Tin foil with an area of 3 cm X 1 cm (thickness 0.127 mm, 99%
Sigma-Aldrich) and a § mm long gold wire already attached to the
peak inlet using Kapton tape was immersed into the solution. With a
Biologic SP-200 potentiostat and a current of 450 gA, Sn was plated
electrochemically onto the gold wire for 155 s to reach a thickness of
S pum. The 3E cell with the described reference electrode was
assembled according to Hertle et al.”" by compacting 100 mg of SE
separator (Na;SbS,) on both sides of the Sn-plated wire attached to a
peak inlet, with a uniaxial hand-press. Subsequently, the steps of the
cathode and anode addition are carried out as described for the Na-
ASSB cells, including the loading with 25 MPa pressure. (D) Three-
electrode symmetric cell. The RE as prepared for the 3E cell was also
used in 3B symmetric cells. 100 mg of SE separator (Na,SbS,) was
compacted on both sides of the RE attached to the peak inlet, with a
uniaxial hand-press. Subsequently, 50 mg of Na—Sn was hand-pressed

on each side of the Na;SbS, separator, and the cell was constrained
with 25 MPa pressure. The OCV was measured for 33 h with a break
of 170 min after 15 h.

Electrochemical Impedance Spectroscopy. For all measure-
ments, a potentiostat (BioLogic VMP 300, Seyssinet-Pariset, France)
was used, and the RelaxIS 3 software package (rhd Instruments,
Darmstadt, Germany) was used for fitting of the data. All
measurements were conducted at 25 °C. The pressure loading of all
cells was 25 MPa, using a spring to compensate for pressure relaxation
due to the elastic deformation of individual components. An
amplitude of 10 mV was chosen. For the symmetric cells and Na-
ASSB cells, the current range was set to “auto,” and the frequency
range was 7 MHz to 10 mHz. The symmetric cells were assembled,
and the impedance was measured over time (55 h). Impedance
spectra were recorded immediately after cell assembly and repeated
every 5 h. The Na-ASSB cell impedance was measured directly after
cell assembly, after the first and second charge and discharge. For the
three-electrode cell, two different connections were used to measure
the impedance directly after cell assembly (pristine), after the first and
second charge and discharge. For the measurement of the impedance
between anode and cathode as well as the impedance of the cathode
contributions, the cathode was connected as working electrode (WE),
the anode as counter electrode (CE), and the Sn-plated wire as
reference electrode (RE). For the anode contributions, the anode was
connected as WE and the cathode as CE. For the latter, the current
range was set to 10 mA. The frequency range for the measurements
with RE was 200 kHz to 10 mHz.

Cell Cycling. Cycling was conducted at 25 °C and a constant
pressure of 25 MPa using a Biologic VMP 300. For testing the
electrolyte stability with symmetric cells, a unidirectional current of 24
#A-cm™ was applied for 10 h. For testing the anode potential stability
with symmetric cells, a unidirectional current of 24 pA-cm™ was
applied for 100 h, sodiating the 20 mg of binary Na;Sn/Na,Sn,
phase. The Na-ASSB cells and 3E cells were charged to 4 V and
discharged to 1.5 V with a current density of 24 gA-cm™ for 20 cycles
for the Na-ASSB cell and two cycles for the 3E cells. To enable
relaxation of the cell prior to impedance measurements, intermittent
open-circuit voltage (OCV) steps of 3 h for the Na-ASSB celland 5 h
for the three-electrode cells were added after each charge and
discharge step. To charge with 0.01C, a theoretical capacity of 172
mAh-g~ for the cathode active material was assumed.

X-ray Photoelectron Spectroscopy (XPS). During all measure-
ments, the pressure in the XPS chamber was in the range of 107"—
107® Pa, and the sample surface was charge-neutralized with slow
electrons and argon ions. The transfer of the samples was conducted
using a transfer shuttle, avoiding cross-contamination with oxygen
from the glovebox to the analysis chamber. The samples were
prepared in the same glovebox as for the cell assembly with oxygen
and water content of p(O,)/p < 0.1 ppm, p(H,0)/p < 0.1 ppm. Data
analysis was carried out with CasaXPS software.

Stability of Na;SbS, XPS measurements in this section were
conducted with a PHI Versaprobe 4 with a monochromatized Al K,
X-ray source (beam diameter 200 yim, X-ray power of S0 W). For the
reference measurement, 50 mg of Na,SbS, and Na—Sn were

https://doi.org/10.1021/acsami.3c09256
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Figure 2. Cycling performance of a Na—SnINa;SbS,INEZC:NFMM:C65 cell (A). Plotted are the cycling curves (B) and the corresponding
capacities per cycle (C) for charging (red) and discharging (blue) steps at 0.01C between 1.5 and 4 V. The numbers in circles in graph (B) indicate

the first and second cycle.

compacted in a powder sample holder cup made of PTFE with an
inner diameter of 3 mm. For the stability test of Na,SbS, vs Na—Sn,
50 mg of each powder was mixed and ground in a mortar for 10 min
and compacted, likewise, in a powder sample holder cup. Pass
energies were set to 27 eV apart from the Sb 3p signal, which was set
to 55 eV for better intensity. The step size was 0.2 eV, and the step
time was 30 ms. A sputter setting of 2 kV with a raster size of 2 mm X
2 mm was applied 10 times for 240 s each for Na—Sn as for the
mortared Na,;SbS, with Na—S8n. The sputter step of 240 s was
repeated 4 times for Na,SbS,.

In Situ Deposition of Sodium on NZSPQ. XPS measurements in
this section were conducted with a PHI 5000 Versaprobe II Scanning
ESCA Microprobe (Physical Electronics) with a monochromatized Al
Ko X-ray source (beam diameter 200 pm, X-ray power of 50 W).
Experimental details for the in situ XPS technique have been reported
by Wenzel et al*® Minor changes to the original technique are
mentioned below. The analyzer pass energy for detail spectra was set
to 46.95 eV, with a step time of 50 ms and step size of 0.2 eV. The
sodium foil was prepared by cutting a piece of approximately 5 mm X
S mm with a 1 mm thickness and bent over the L-shaped target
holder. The mechanically soft sodium metal showed sufficient
adhesion. A NZSPO disk was attached to the sample holder by
using double-sided adhesive tape. The angle between the sputter gun
and the sample surface was 33°. Sputtering of the sodium foil was
performed using an acceleration voltage of 4 kV, 20 cycles with 3 min
each. Before each sputtering step, a spectrum of NZSPO was
measured to monitor spectral changes upon sodium deposition.

X-ray Diffraction (XRD). X-ray diffraction patterns of NEZC,
NFMM, Na;SbS,, and Na,¢Sb,,W,,S; were recorded on the
Empyrean Series 2 X-ray diffractometer by PANanalytic in reflection
mode. The diffractometer operated with a monochromatic Cu Ka X-
ray beam with wavelengths of 4, = 154.06 pm (Ka,) and 4, = 154.44
pm (Krt,). The measurements were carried out at an operation
voltage of 40 kV and 40 mA. The step size was 0.026°, with 180 s per
step. Kapton foil was used to protect the measured powders from
oxidation. All obtained XRD data were analyzed using HighScore Plus
and fitted with Pawley-fits. A weight fraction analysis of the P2 and
O3 phases of the NFMM by Rietveld refinements was not possible
since only unreliable fitting parameters were obtained due to
overlapping and partially low-intensity reflections. The X-ray
diffraction pattern of Na—Sn was recorded on the Empyrean 3
diffractometer by PANanalytic in transmission mode. The diffrac-
tometer operates with a monochromatic Mo Ka X-ray beam at a
wavelength of 72 pm. The measurements were carried out at an
operation voltage of 60 kV and 40 mA. The step size was 0.014°, with
38 s per step. The capillary used had a diameter of 0.5 mm and a glass
thickness of 0.01 mm. The capillary was prepared in a glovebox and
sealed with wax to avoid contaminations during measurement. A

reference diffractogram of an empty capillary was measured to enable
the subtraction of the background prior to refinement.

Scanning Electron Microscopy (SEM). The samples were
investigated using a Merlin SEM instrument by Carl Zeiss. The
reference electrode was measured with a 3 kV and 100 pA setting and
an InLens Detector. A Leica transfer shuttle was used to transport the
NZSPO samples from the glovebox to the SEM. Different
adjustments were set to retrieve optimized imaging and are specified
in the following. SEM images of NZSPO from the Na-ASSB cell after
cycling were measured with a SE2 detector with 8 kV acceleration
voltage and 2 nA emission current. SEM images of NZSPO from
symmetric cells after current flow were measured with an InLens
detector for the cell with Na;SbS, and a SE2 detector for a cell with
Na, gSbo oWy, S, each at 3 kV acceleration voltage and 100 pA
emission current. For characterization of the elemental distribution on
the surface, energy-dispersive X-ray (EDX) spectroscopy measure-
ments were conducted. Therefore, an X-Max 50 Silicon Drift Detector
by Oxford Instruments was used, and the obtained data were analyzed
with Aztec 3.2.

Bl RESULTS AND DISCUSSION

The two-phase Na;Sn/Na;sSn, (Na—Sn) alloy used as the
anode showed the expected specific reflections for Na ;Sn, in
the XRD pattern (Figure S1). In view of the Na—Sn phase
diagram and the very narrow phase fields of the binary phases
Na;Sn and Na,;Sn,, the anode alloy will exist as either a
Na;Sn/Na,;Sn, or Na/Na,;Sn, two-phase mixture. In the first
case, the potential will be 0.2 V vs Na*/Na, and in the second
case, it will be 0 V vs Na*/Na. Thus, measuring a potential of
0.2 V is direct and unequivocal proof of the presence of Na,Sn.
As we do not see direct evidence for this phase in the XRD, we
have to assume that it is amorphous, as previously reported in
the literature®™*? and is not detected by XRD.

Considering the sodium—tin phase diagram and the work of
Ellis et al,** the two-phase Na;Sn/Na,sSn, (Na—Sn) mixture
with a potential of 0.2 V vs Na*/Na can only take up a certain
amount of sodium until it reaches the two-phase Na/Na,Sn,
mixture, which has the potential of 0 V vs Na*/Na. To ensure a
stable potential of 02 V vs Na'/Na during cycling, the
potential stability of the anode material was tested electro-
chemically (Figure S2). It revealed a stable potential
throughout the course of 100 h, and for simplicity, the
anode material is, as mentioned above, only noted as Na—S8n
instead of the correct but rather long sum formula Na;Sn/
Na,;Sn,.

https://doi.org/10.1021/acsami.3c09256
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3. Results and Discussion (Publications)
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