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Abstract

The continuing depletion of fossil fuels, rising oil prices and the need to reduce CO2 emissions
have stimulated intensive research into alternative energy technologies based on renewable and
clean sources. Among the various technologies, electrochemical energy storage in rechargeable
lithium-ion batteries (LIBs) plays an important role, both for powering a wide range of electronic
devices and electric vehicles, and for storing electricity generated from alternative energy sources
such as solar and wind. Commercial LIBs using organic liquid electrolytes dominate the market.
However, the reactivity of liquid electrolytes at very positive or negative potentials limits the
choice of suitable electrode materials and thus the available energy density. In addition, the toxicity
and flammability of organic electrolytes raise serious safety concerns.

As an alternative to conventional liquid electrolyte LIBs, solid-state battery (SSB) concepts using
solid electrolytes (SEs) are currently under intense investigation. Among numerous classes of
materials, ceramic SEs are particularly attractive due to their non-flammability, relatively high
ionic conductivity at room temperature (RT) and high chemical stability in air, resulting in
potentially very high intrinsic safety of the batteries. In particular, Li-containing NaSICONs (Na
Super Ionic CONductors) are currently receiving a great deal of attention due to the large structural
variability and high ionic conductivity that can be achieved by substituting the lattice framework
with various elements. Within this class of materials, lithium aluminum germanium phosphate
Lii+xAlxGe2x(PO4); (LAGP) and lithium aluminum titanium phosphate Lii+xAlxTi2x(PO4)3
(LATP) are solid-state Li-ion conductors with the highest ionic conductivity at RT. However, the
main drawback of germanium and titanium-containing materials is the low electrochemical
stability at negative potentials caused by the reduction of Ge*' to Ge?" and Ti*" to Ti**, which
prevents the use of lithium metal anodes and reduces the energy density of the battery. To
overcome this problem, the aim of this work was to increase the reduction stability of NaSICON
compounds by replacing Ge and Ti with more reduction stable ions. To this end, various
compositions of the type Lii~M>"xZr2x(PO4)3, where M>" = AI**, Sc**, Y*", were synthesized by
solution-assisted solid-state reaction. The effect of substitution on crystallographic parameters,

relative density, sintering temperature, ionic conductivity, and electrochemical stability was



systematically investigated. The cationic substitution of M*" (M = Al, Sc, Y) for Zr*' in
LiZr2(POa)s (LZP) stabilizes the rhombohedral NaSICON structure (space group R3c) at RT and
increases the ionic conductivity significantly. Here, at 25 °C and with a comparable relative density
0f 94-96 %, an ionic conductivity of 2.7 x 10° S em™, 6.7 x 10° Sem™ and 3.6 x 10° S cm™! was
achieved with the compositions Li1.2Sco.2Zr1.8(PO4)3, Li12Y0.2Zr1.8(POa4)3 and Lii.2Alo2Zr1.8(PO4)3,
respectively. Compared to Lii+xScxZr2x(POs)3, the Y>* substitution in LZP slightly enhanced the
ionic conductivity and marked the maximum Li*-ion conductivity at RT with composition x = 0.2
in the whole system Lii+M>"xZr2x(PO4)3. However, the Al*'-substitution decreased the ionic
conductivity at RT.

In addition to cationic substitution, the effect of polyanionic substitution on ionic conductivity was
investigated in the two materials series Liz+xSc2SixP3xO12 (0 < x < 0.6) and Lii.2+xSco.2Zr1.8SixP3-
x012 (0.3 <x <2.8). The substitution of (PO4)* with (Si04)* in the system Li20-Sc203-ZrO2-SiO2-
P20s effectively lowers the sintering temperature. Moreover, the introduction of zirconium can
limit the evaporation of lithium species even at high sintering temperature. Silicate substitution in
Liz+xSc2SixP3x012 (0 < x < 0.6) has been shown to stabilize the monoclinic symmetry (space group
P2i/n) resulting in the increase of total ionic conductivity. The ionic conductivity at 25 °C
increased from 2 x 10°S cm™ for x =0 to 1.2 x 10° S em! for x = 0.15, which is the highest
ionic conductivity of the investigated compositions in the Li20-Sc203-Zr0O2-Si02-P20s5 system.
The purity of the NaSICON materials has a strong influence on the grain boundary resistance and

thus on the ionic conductivity.

Selected ceramic NaSICON electrolytes such as LZP, Li12Y0.2Zr1.8(POa)3, and Li,Sc,(PO4)3 (LSP)

were found to be more stable with respect to lithium than LATP and LAGP. LSP proved to be
chemically and electrochemically very stable and might act as an anode protection material in

combination with lithium metal.



Kurzfassung

Die anhaltende Erschépfung fossiler Brennstoffe, steigende Olpreise und die Notwendigkeit, den
CO2-AusstoB zu reduzieren, haben eine intensive Forschung zu alternativen Energietechnologien
auf der Grundlage erneuerbarer und sauberer Quellen angeregt. Unter den verschiedenen
Technologien spielt die elektrochemische Energiespeicherung in wiederaufladbaren Lithium-
Ionen-Batterien (LIBs) eine wichtige Rolle, sowohl fiir den Antrieb verschiedenster elektronischer
Gerdte und Elektrofahrzeuge als auch fiir die Speicherung von Strom aus alternativen
Energiequellen wie Sonne und Wind. Kommerzielle LIBs mit organischen Fliissigelektrolyten
dominieren den Markt. Allerdings schrinkt die Reaktivitit fliissiger Elektrolyte bei sehr positiven
oder negativen Potentialen die Auswahl geeigneter Elektrodenmaterialien und damit die
verfiigbare Energiedichte ein. Dariiber hinaus werfen die Toxizitdt und Entflammbarkeit

organischer Elektrolyte ernsthafte Sicherheitsbedenken auf.

Als Alternative zu herkdmmlichen Flissigelektrolyt-LIBs werden derzeit Konzepte fiir
Festkorperbatterien (SSB) mit Festelektrolyten (SEs) intensiv untersucht. Unter zahlreichen
Materialklassen sind keramische Festelektrolyte aufgrund ihrer Nichtentflammbarkeit, ihrer
relativ hohen Ionenleitféhigkeit bei Raumtemperatur und ihrer hohen chemischen Stabilitdt an der
Luft besonders attraktiv, was zu einer potenziell sehr hohen Eigensicherheit der Batterien fiihrt.
Insbesondere Li-haltige NaSICONs (Na Super Ionic CONductors) erfahren derzeit grofie
Aufmerksamkeit aufgrund der groBen Strukturvariabilitdt und hohen Ionenleitfdhigkeit, die durch
den Ersatz des Gittergeriists durch verschiedene Elemente erreicht werden konnen. Innerhalb
dieser Materialklasse sind Lithiumaluminiumgermaniumphosphat Lii+xAlxGe2-x(PO4)3 (LAGP)
und Lithiumaluminiumtitanphosphat Lii+xAlxTi2x(PO4)3s (LATP) Festkorper-Li-lIonenleiter mit
der hochsten Ionenleitfahigkeit bei Raumtemperatur. Der Hauptnachteil germanium- und
titanhaltiger Materialien ist jedoch die geringe elektrochemische Stabilitit bei negativen
Potentialen, die durch die Reduktion von Ge** zu Ge*" und Ti*" zu Ti** verursacht wird, was den
Einsatz von Lithium-Metallanoden verhindert und die Energiedichte der Batterie verringert. Um
dieses Problem zu liberwinden, bestand das Ziel dieser Arbeit darin, die Reduktionsstabilitdt von

NaSICON-Verbindungen zu erhdhen, indem Ge und Ti durch reduktionsstabilere Ionen ersetzt



wurden. Zu diesem Zweck wurden verschiedene Zusammensetzungen des Typs Lii+xMs«Zra-
«(PO4)3, wobei M** = AI**, Sc3*, Y*', durch 16sungsunterstiitzte Festkorperreaktion synthetisiert.
Der Einfluss der Substitution auf kristallographische Parameter, relative Dichte, Sintertemperatur,
Ionenleitfahigkeit und elektrochemische Stabilitdt wurde systematisch untersucht. Der kationische
Ersatz von Zr*" durch M3*" (M = Al, Sc, Y) in LiZr2(PO4); stabilisiert die rhomboedrische
NaSICON-Struktur (Raumgruppe R3c) bei Raumtemperatur und erhoht die Ionenleitfahigkeit
deutlich. Hier wurde bei 25 °C und einer vergleichbaren relativen Dichte von 94-96 % eine
Ionenleitfahigkeit von 2.7 x 105 S em™, 6.7 x 105 S ecm™ und 3.6 x 10° S cm™ mit den
Zusammensetzungen Li12Sco2Zr1.8(PO4)3, Li12Y02Zr1.8(PO4)3 and Lii2Alo2Zr18(PO4)3 erreicht.
bzw. Im Vergleich zu Lii~ScxZr2x(POs); erhdhte die Y3'-Substitution in LiZr2(PO4): die
Tonenleitfahigkeit leicht und markierte die maximale Li*-Ionenleitfdhigkeit bei Raumtemperatur
mit der Zusammensetzung x = 0,2 im gesamten System Lii+xM3xZr2x(POs)s.  Allerdings

verringerte die Al**-Substitution die Ionenleitfdhigkeit bei Raumtemperatur.

Zusétzlich zur kationischen Substitution wurde der Einfluss der polyanionischen Substitution auf
die TIonenleitfahigkeit in den beiden Materialreihen Liz+Sc2SixP3xO12 (0 < x < 0,6) und
Li12+xSco2Zr1.8SixP3xO12 (0,3 < x < 2,8) untersucht. Der Ersatz von (POa4)3- durch (SiOs)4- im
System Li20-Sc203-Zr02-Si02-P20s senkt effektiv die Sintertemperatur. Dariiber hinaus kann die
Einfihrung von Zirkonium die Verdampfung von Lithiumspezies selbst bei hohen
Sintertemperaturen begrenzen. Es wurde gezeigt, dass die Silikatsubstitution in Liz+xSc2SixP3xO12
(0 <x <£0,6) die monokline Symmetrie (Raumgruppe P21/n) stabilisiert, was zu einer Erh6hung
der Gesamtionenleitfahigkeit fiihrt. Die Ionenleitfihigkeit bei 25 °C stieg von 2 x 10% S cm™ fiir
x=0auf 1.2 x 10° S em’! fiir x = 0,15, was die hdchste Ionenleitfihigkeit der untersuchten
Zusammensetzungen im System Li2O-Sc203-Zr02-Si02-P20s darstellt. Die Reinheit der
NaSICON-Materialien hat einen starken Einfluss auf den Korngrenzenwiderstand und damit auf

die Ionenleitfahigkeit.

Ausgewihlte keramische NaSICON-Elektrolyte wie LiZr2(POa4)3, Lii2Yo0.2Zr18(PO4)3, und Li
LiSc2(PO4)3s wurden elektrochemisch hinsichtlich ihrer Reduktionsstabilitdt untersucht und
erwiesen sich als stabiler gegeniiber Lithium als LATP und LAGP. Li3Sc2(POa4)3 erwies sich als
chemisch und elektrochemisch sehr stabil und konnte in Kombination mit Lithiummetall als

Anodenschutzmaterial fungieren.

vi
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I Introduction

1.1 Motivation: electrochemical energy storage

The impending depletion of fossil fuel resources, increasing carbon dioxide emissions, climate change,
and environmental problems are the predicted home-made problems of mankind. It has been universally
recognized that the world is facing energy problems [1]. Solving these problems is becoming increasingly
important, and we urgently need to rethink the overall strategy of energy production and consumption. A
variety of renewable and clean energy sources have been developed, such as wind, wave and solar power,
but these energy sources are not constant; they fluctuate depending on the time, day, and place. The
variable nature of these renewable and clean energy sources makes electrical energy storage a must for

continuous energy supply [2-4].

Lithium ion batteries (LIBs) are the most successfully developed technology for electrochemical energy
storage. With their high energy density and capacity, long cycle life, good performance and no memory
effect [5], they are the state of the art for powering a wide range of electronic devices and electric vehicles
as well as for storing electricity generated from alternative energy sources. Thanks to continuous research
and development efforts, the performance of modern LIBs has improved significantly since their

introduction by Sony in 1990 and is approaching the theoretical performance limit [6,7, 8].

All batteries consist of two electrodes, an anode (negative electrode) and a cathode (positive electrode),
which are connected by an ionically conductive material (so-called electrolyte) that transports the Li ions
between the electrodes [4, 9] (Figure 1.1). An electrolyte is a medium containing mobile ions that provide

ionic conductivity but do not conduct electrons.

The active electrode materials in state-of-the-art LIBs are generally Li-intercalation compounds that are
capable of reversibly incorporating/releasing Li ions into/from their respective structures, e.g. graphitic
carbon as an active anode material (AAM) or layered lithium metal oxides as cathode active materials
(CAM). During charging, the Li ions are de-intercalated from the layered oxide compound and

intercalated into the graphite layers. The process is reversed during discharging.


https://en.wikipedia.org/wiki/Ion
https://en.wikipedia.org/wiki/Electron

Anode Electrolyte Cathode
L (graphite) (LiCo0,)

Figure 1.1: Schematic representation of a conventional lithium-ion battery. Reprinted with permission
from ref [10]. Copyright 2013 American Chemical Society.

LIBs have established themselves in various markets and application areas, e.g. in consumer electronics,
electric vehicles, stationary energy storage systems, etc. [11]. However, the classical LIBs use flammable
organic liquid electrolytes. The main drawbacks in this context are the limited operating temperature and
safety issues such as leakage risks and corrosion, flammability due to the low thermal stability and low
flame point, so that fires and explosions can easily occur. Solid state batteries (SSB)is
a battery technology that uses solid electrolytes (SE) instead of liquid electrolytes. SSBs are expected to
provide better safety aspects, longer life, no leakage and contamination, high resistance to shock and

vibration, and the possibility of easy miniaturization. An overview of SEs is given in the next section.

1.2 Overview of solid electrolytes

Solid electrolyte (SE) is an ionically conducting and electronically insulating solid material. The most
important properties of SE for use in SSBs are high ionic conductivity, low electronic conductivity, wide
electrochemical stability window, good chemical and electrochemical compatibily with other
components, suitable mechanical properties, simple manufaturing processes, low cost, ease of device
integration and environmental friendliness. The main classes of SEs currently being considered for use in
SSBs are sulfides, polymers, and oxides, each with relative advantages and disadvantages that affect their

economic viability.


https://en.wikipedia.org/wiki/Battery_(electricity)
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https://en.wikipedia.org/wiki/Electrolyte

a) Oxide c) Polymer

el

Figure 1.2: Performance properties,(including area-specific resistance, ASR) of different solid electrolyte
materials: oxide (blue), sulfide (orange), and polymer (green). [25]. Reprinted with permission, license
number: 5342020718198.

Sulfide solid electrolytes:

Sulfide-type SE are closely related to a lithium super ionic conductor (LiSICON)-type solid electrolyte
of the y-Li3PO4 type [26, 27]. Due to the much weaker interaction of Li* with S* compared to O%, sulfide-
type SE exhibit higher Li-ion mobility and ionic conductivities than their oxide counterparts [26]. In
particular, thio-LiSICON compounds with the composition LisxGe1xPxS4 (0 < x < 1), which occur as
glasses, glass-ceramics and ceramics, have attracted much attention in recent years due to their excellent
properties [27, 28]. For example, the ceramic thio-LiSICON LiioGeP2S12 has a very high ionic
conductivity of 1.2 x 1072 S cm ™! at 27 °C [28]. The glassy Li2S-P2Ss[26, 29] and glass-ceramic 70Li>S-
30P2Ss [30] exhibit high ionic conductivities of 5.4 x 107 Scm™" and 3.2 x 107 Scm ™! at RT, respectively.

Solid sulfide electrolytes have a high ionic conductivity, which is comparable to or higher than that of
organic liquid electrolytes. However, the sulfide electrolytes are generally not stable in ambient
atmosphere due to reaction with moisture. Several Li2S-P2Ss electrolytes have been investigated with
regard to structural changes and H»S formation upon exposure to air [31]. 67Li2S-33P2Ss glass and Li2S
produced large amounts of H2S, with strong structural changes. In 67Li2S-33P2Ss glass, the original P2S7*
group decomposed into OH and SH groups, and SH further reacted to form OH group and HzS. In the
case of LizS crystals, LiOH and H2S were formed. 75Li2S-25P2S5 glass and glass-ceramic electrolytes
showed almost no structural changes and little H2S formation due to the good chemical stability of PS>
group against hydrolysis. For the use of sulfide electrolytes in SSBs, it is therefore necessary to select a
suitable chemical composition and to protect the batteries from the ambient atmosphere. On the one hand,
sulfide SSEs are promising candidates with desirable advantages such as excellent Li-ion conductivity of
more than 1 mS cm’!, sufficient deformability for easy mechanical processing, lower grain boundary
resistance, and low processing temperature. On the other hand, this class of materials also has serious

drawbacks, such as a very narrow electrochemical stability window and consequently incompatibility
3



with high-voltage CAMs and alkali metal AAMs, sensitivity to the air or moisture, and the need for high

pressure during operation to maintain the morphological integrity.
Polymer solid electrolytes:

The advantages of polymer-based SSBs include greater safety, low cost, nontoxicity, flexible shape and
ease of fabrication compatible with existing LIB technology [48]. The development of polymer batteries
began as early as the 1980s after the discovery of lithium-ion conduction in a system based on
poly(ethylene oxide) PEO [32-35]. After this discovery, various lithium-ion conducting polymers such as
poly(methyl methacrylate) (PMMA) [36, 37], poly(acrylonitrile) (PAN) [38, 39] and poly(vinylidene
fluoride) (PVDF) [40] have been increasingly used for the development of solid-state polymer LIBs.
Polymer electrolytes can be divided into three classes: dry solid polymer electrolytes, gel polymer
electrolytes and composite polymer electrolytes. Since gel polymers are not in the solid state, they are not

described here.

All polymer electrolytes rely on a dissolved Li salt for the ionic conductivity. In dry polymer electrolytes,
no liquid is added and the polymer acts as a solid solvent for the lithium ions [41-44]. However, the ionic
conductivity of dry polymer systems is very low <10 S/cm at ambient temperature and 10* S cm™ at

65-78 °C.

Composite solid polymer electrolytes consist of ionically conductive polymers such as PEOs containing
a lithium salt (LiPFs or LiAsFs) and are often mixed with liquid electrolytes or inorganic oxide
nanoparticles (e.g., A203, ZrO2, SiO2, or TiO2). Addition of ceramic particles results in a more amorphous

polymer matrix by inhibiting chain crystallization and attracting Li from the salt [45-47].

Solid polymer electrolytes are nontoxic and can maintain contact across an electrode/electrolyte interface
during battery operation. However, this class of materials also has serious drawbacks, such as a very low
ionic conductivity at RT , higher operation temperatures (usually >60°C), a narrow operation temperature
range limited by a glass transition temperature, a relatively narrow electrochemical stability window (in
particular low oxidation stability and incompatible with high-voltage cathode materials), poor mechanical
stability [49, 50], and a low transference number. Although PEO is a cheap polymer already produced on
a large scale, the synthesis and scale-up of other polymers different from PEO are still a challenge, and

their production costs are very high.

Besides pure solids, quasi-solid-state electrolyte (QSE) also belong to SEs. QSE is a solid-liquid
composite material. Ideally, QSE should combine the advantages of individual components and exhibit
high ionic conductivity and mechanical strength. However, most quasi-solid electrolytes prepared by

immobilizing ionic liquid (IL) or organic liquid electrolyte in inorganic scaffold generally have poor
4



interfacial compatibility and low Li- ion transference number, which limits their application. Sun et. al
prepared a QSE (ZIF-8 QSE) based on a zeolitic imidazolate framework-8 (ZIF-8), in which the ZIF-8
has a special cage structure that interacts with the guest electrolyte to form a composite electrolyte with
a good ionic conductivity of about 1.05 x 104 S cm™!, and a higher transference number of about 0.52. It
is worth noting that the ZIF-8-based QSEs exhibit good thermal stability up to 350 °C without thermal

runaway, which is significantly higher than that of a conventional organic liquid battery systems.

1.2.1 Oxide electrolytes

The term oxide electrolytes is generally applied to various classes of inorganic materials, including
oxides, phosphates and silicates, which can be amorphous, glassy or polycrystalline (ceramic). Oxide
electrolytes attract the attention of researchers and engineers due to their relatively high Li-ion
conductivity at RT up to a few mS ¢cm!, nonflammability, high chemical stability, wide electrochemical
stability window and in particular high oxidation stability, wide operational temperature range and
processability in air [51-53]. The most studied oxide electrolytes are lithium phosphorus oxynitride
(LiPON), garnet-type ceramic, i. e. LizLa3Zr2012 (LLZO) [57-59], and perovskite-type LissLaz3-+TiO3
[60, 61].

LiPON is a known Li-ion conductor with a high electrochemical stability, but its applications are limited
to thin-film batteries due to high costs and relatively low ionic conductivities of around107¢ S cm™ [127].
Additionally, perovskite-type LisxLa23+TiO3 is of interest since it shows a significantly higher ionic
conductivity of 103 S cm™ at RT. Unfortunately, this electrolyte is not stable in contact with Li metal
due to the reduction of Ti*" to Ti*" [128]. Furthermore, the oxide-based ceramic materials with garnet
structure attract a lot of attention since they are stable against a Li metal anode. Cubic LLZO, which was
synthesized by Weppner et al. [130] in 2007 for the first time, shows ionic conductivity of 3x10# S cm™
'at RT and an activation energy of 0.3 eV. In contrast, a significantly lower conductivity of only 1.63x10"
¢S cm™! was found for the tetragonal LLZO phase. In recent years a series of dopants and substituents
such as Al [126, 131], Ta[132, 133], Ga[61, 134, 135], W[136], and Nb[137, 138] has been investigated
to stabilize the cubic LLZO structure at RT and to improve its ionic conductivity. Due to these efforts,
the RT ionic conductivity of the state of the art cubic LLZO reached 1073 Sem™ [31, 126, 132-134, 139].
In particular, Ta-substituted LLZO (LLZO: Ta) shows an outstanding performance in terms of a relatively
high ionic conductivity of up to 1.2 S cm™! at RT, as well as a good stability towards Li metal and CAMs
[122, 140-142]. High ionic and low electronic conductivity, high safety (non-flammability), wide
electrochemical window (0 — 5 V), compatibility with Li metal, and inertness to oxygen render garnet-

type LLZO one of the most promising SEs for SSBs [126, 132, 143].
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In addition to the above-mentioned oxides-type electrolytes, special attention has been paid to LiSICON-
type [27, 56] and NaSICON-type [54, 55] phosphate electrolytes because of their structural and thermal
stability. Since this work focuses on NaSICON-type electrolytes, this class of materials will be discussed

in more detail.

1.2.1.1 Lithium Super Ionic Conductor (LiSICON)

Hong et al. [62] was the first to report a LiISICON-type solid electrolyte Lii4Zn(GeO4)s4, which showed
ionic conductivity of 1.25 x 107! Sem™ at 300 °C. Kuwano et al. [65] prepared new LiSICON-type solid
electrolytes Liz+xGexVixO4 (0 < x < 1), among which two compositions LizsGeosVOs and
Liz.6Geo.s V0404 revealed high bulk and total ionic conductivities of 4 x 10 Scm™! and ~107 Sem™! at

18 °C, respectively.

Hu et al. [66] prepared solid solutions between LiaSiO4 and Li3PO4, LisxSi1-xPxO4 (0 <x < 1). The highest

ionic conductivity of Li3.5Sio.sPo.sO4 and Li3.4Si0.4Po.s04 was about 10 Scm™' at RT.

Song et al. [67] partially doped O* with C1, and obtained LiSION-type Li10.42Si1.5P1.5Clo.08O11.92 and
Lii042Ge1.5P1.5Clo.0sO11.92 with ionic conductivities of 1.03 x 10~ Sem ™! and 3.7 x 107> Scm™ at 27 °C,

respectively.

1.2.1.2 Na* Super Ionic Conductor (NaSICON)

NaSICON type compounds were originally reported by Hong, Kafalas and Goodenough in 1976
describing the synthesis and characterization of the solid solution Na1+xZr2SixP3xO12 (0 < x < 3) with high
Na" ionic conductivity related to their 3-D open framework [54, 55]. NaSICON structure is not limited
to sodium, but is rather a large family of materials with the general formula AM2(PO4)3, NaSICON
compounds display very attractive compositional diversity and are likely to achieve high conductivity. A

variety of substitutions have been reported and are summarized in [70].

The A-site can be occupied by:
- monovalent cations: Li*, Na*, K, Rb", Cs*, H", H30", NH*, Cu", Ag",
- divalent cations: Mg?*, Ca?", Sr**, Ba>*, Cu®', Pb*",Cd*", Mn?*, Co?*, Ni?', Zn*",
- trivalent cations: AI**, Y3*, La’*-Lu**
- tetravalent cations: Ge*', Zr*", Hf*"
The A-site can also be vacant if the M site is occupied by a pentavalent cation.

The M site can be occupied by:



- divalent cations: Cd*", Mn*", Co*", Ni*', Zn**
- trivalent cations: AI**, Ga**, In**, Sc**, Ti¥*, V3*, Cr, Fe*', Y3+, La’*-Lu**
- tetravalent cations: Si*", Ge*', Sn*', Ti*, Zr*', Hf*, V**, Nb*", Mo*',

- pentavalent cations: V>*, Nb>", Ta>", Sb>*, As>".

The crystal structure of NaSICON AxM2(PO4)3 is composed of corner-sharing PO4 tetrahedra and MOs
octahedra providing a relatively open 3-D network of sites and conduction pathways for various A cations.
In general, two main types of cavities are considered, referred to as M1 and M2. The former is a sixfold

coordinated site and the latter is an irregular eightfold coordinated site [3].

Taylor et al. [71] replaced sodium with lithium to obtain a new category of solid Li* ionic conductors
related to the compound LZP. Aono et al. [24] investigated the electrical properties of Lii+xMxTi2xP3012
(M = Al, Cr, Ga, Fe, In, La, Sc and Y) materials and determined a maximum ionic conductivity of 7 x
10* S cm™ at RT for Li13Alo3Ti1.7P3012. Similarly, Lii+xAlGe2-«P3012 materials show very high ionic
conductivity at RT in a wide stoichiometry range. Kumar et al. [73] and Fu et al. [74] reported that
Li1.5Alo.sGer.sP3012 and Li1.4Alo.4Geo.sP3012 materials have an ionic conductivity at RT of 102 S cm™' and
10* S cm’!, respectively. However, the instability of Ti*" and Ge*" towards reduction to Ti*" and Ge®",
respectively, in direct contact with metallic lithium as an anode still remains a major problem [75],
resulting in severe performance degradation and limiting the application of NaSICON-type SSBs with
lithium metal anodes [76, 77]. Therefore, there is still a need to develop Ti/Ge-free NaSICON-type Li'-

ion conductors with improved thermodynamic stability, even though such attempts have a long history.

1.2.2 Variety of NaSICON-type solid electrolytes

NaSICON-type LiM2P3012 (M =Ti, Zr, Ca,Sr, Sc, Y, Al) materials are of interest as potential SE in SSBs
due to their lithium ion transport performences and high chemical stability in ambient atmosphere. Table
1.2.2 summarizes the ionic conductivities at RT of materials with the composition Li1+xMxZr2x P3012 with
M=Sc,Y, Al

Table 1.2.2: Ionic conductivities at room temperature of materials with the composition Lii+xMxZr2x
P3Oz withM =S¢, Y, Al

X This Literature
work

1% 101°[12]

8.73 x 10" [79]
4.77 % 107 [80]

2 x 10°[81]
1x107[82]

3.3 x 10° (th.) [83]

0 54x107




1 x 10™M

[83]°

(mon.)

8.06 x 10" [84]

1x10° [84]

1.5 x 10 [85]

6.07 x 10* [21]

Sc substitution Y substitution Al substitution
This Literature This work | Literature This Literature
work work
0.02 4.8 % 10" [86]
0.05 3.0 %107 [15] 58x 10" [80]
23 %10 [87]
0.1 2.9x 10" [87]* 6.4 %10 [80]
7.7 x 10" [15]
S
015 3.1 10” [87)
7.1% 10" [87] *
3
] S 23x10°[87 ] .
0.2 27x10° 6.7%10° 1871 3.6x10° | 1.9x 107 [80]
6.5% 10" [15]
0.225 2.1 % 10° [80]
0.25 2.1 % 10" [80]
0.275 3.1 % 10" [80]
0.3 1.9 % 10° [80]
0.4 97x10" 48x10° 95x 10
0.5 9.4 x 10" [80]
0.6 82x10° 3.9x10° 6.8x10 | 2.2x10" [80]
0.8 71%x10° 27%10° 52%10°
48x10 [88]"
1 82x 107 75%107 83x10" | 3.6x10" [88]"
3710 [88]"
Sc substitution Y substitution Al substitution
This Literature This work | Literature This Literature
work work
1.2 65%10° 15x10°
1.4 56x10° [3.0x10" [1] 58%10"
E3
s | 1.2x10" [1] 3
1.6 27x10° - 2x1
7>< 0 16X105[9]# 3 X O
1.1x 10" [1]
-6 B # -7
1.8 45%x10° |23x10 9] 4710
2% 10° [10]
1.85 8.9 x 10‘6 [1]
21x10°[1]
1.9 3 7
1.1x 10" [9]
1.95 6.6 % 10'7 [1]
1.96 9.1x10" 917
2 65%x10 | 1.5x10" [89] 23x10




85x10" 91"
2% 10" [90] **
5.4 x 10 [90] ***
3 x 10 [90] ***x
32% 10 [91]

# extrapolated value form high-temperature data, *: Spark-plasma sintering (SPS), **: Li3Sc2(PO4)3
ceramics fabricated without ball-milling of the powder, ***: Li3Sc2(POa4)3 ceramics fabricated with ball-
milled powder and sintered at 1200 °C, ****: Li3Sc2(PO4)3 ceramics fabricated with ball-milled powder
and sintered at 1400 °C [90]. *: LixAlZr(PO4)3 (x = 1.8, 2.0, 2.2).

1.3 Objective of this thesis

The development of Ti-free and Ge-free Li" ionic conductors of the NaSICON-type with improved
thermodynamic stability is still required. A general strategy to increase the electrochemical stability is to
replace “critical” redox-active ions such as Ti or Ge in the NaSICON structure with redox-inactive ions.
Zirconium is the most popular element for this purpose, but the ionic conductivity of Zr-based NaSICONs
is far inferior to that of Ti- and Ge-based compounds, and their sintering temperature is usually even
higher than that of LATP and LAGP. Therefore, many studies have been conducted to improve the
properties of Zr-based NaSICON-SEs by partially replacing Zr*" ions with di- or trivalent cations in the
general formula Lii+@nxM™Ztr*2x(PO4); when M was Sc [29, 30], Y [31, 32], Al [33, 34], Ca [35, 36]
and Sr[37, 38] and Fe, Cr, and In [39].
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Figure 1.3: Exploratory research of NaSICON materials in the system Li20-M203-Zr02-SiO2-P20s. The
orange surface corresponds to the compositional limits of the NaSICON materials according to the
formula Lii+x+y+2Z12-xyM>"y(Si04)(PO4)3-2. The end members at the corners of the orange surface are
given as chemical formulas. The green bullets indicate the investigated samples.



In this thesis, we will discuss the materials with cation and polyanionic substitutions in the Lii+M>"xZr-
«(Si04)y(PO4)3.y system. In Figure 1.3, the horizontally arranged green spheres with M>" = AI**, S¢3*, Y3*
(y = 0) correspond to the materials with cation substitutions. The vertically arranged green spheres with

M?3* = Sc** correspond to the materials with polyanionic substitutions.

1.3.1 Partial cation substitutions

The ionic conductivity of LZP has been intensively studied and a wide range of ionic conductivity from
10 to 10° S cm! has been observed depending on the preparation method, final lithium stoichiometry,
crystallographic symmetry, densities and microstructures of the sintered pellets [11, 15, 92-95]. The ionic
conductivity in NaSICON-type materials can be significantly improved by the partial substitution of
tetravalent with trivalent metal cations, which leadsto additional lithium ions in the structure and improves
the mobility of the charge carriers [12, 70]. Furthermore, by incorporating elements with different ionic
size into the crystal structure of LZP, the size of bottlenecks of lithium transport pathways can be adjusted
and the ionic conductivity can be controlled. In this regard, several NaSICON-type materials have already

been investigated [11, 12, 15, 80, 81, 87, 88, 93, 94, 96-98].

Mariappan et al. and Li et al. [15, 87] stabilized the rhombohedral structure of LZP at RT by substituting
Y3* for Zr*". The authors studied the electrical properties of the compounds Lii+xYxZr2-x(PO4)3 with 0.1
<x<0.2[15]and 0.05 <x <0.2 [87], respectively, and obtained a remarkably improved ionic conductivity
of 0.7 x 10* S cm! at 25°C [87] for Liwi5Yo.15Zr1.85(PO4)3 densified by spark plasma sintering. They
reported that Y3 is a suitable substitution ion for Zr*" in LZP, leading to an increase in lattice parameters

and cell volume due to the different ionic radii of Zr* (0.72 A) and Y3* (0.9 A) [99].

Savitha et al. [88] and Zhang et al. [80] examined the systems LixAlZr(PO4); (x = 1.8, 2.0, 2.2) and
LiixAlxZr2x(PO4)3 (x = 0.2, 0.225, 0.25, 0.275, 0.3, 0.5), respectively, reaching an ionic conductivity of
44 x 10° S cm?! for the sample Li22AlZr(PO4); at 400°C [88] and 3.1 x 10° S cm’ for
Lir.0275Al0.275Zr1.725(PO4)3 at RT [80]. Cassel et al. [81] obtained a stable rhombohedral phase with
Li12Ca0.1Zr1.9(PO4)3, which showed an increased ionic conductivity at RT of 1.2 x 107 S cm! for the
material prepared by solid-state reaction and 7.2 x 107 S cm™! for the material prepared by sol-gel method.
Also the substitution with Sr was studied and the compound Li1.2Sro.1Zr1.9(PO4)3 reached the highest ionic
conductivity of 3.4 x 10° S cm™ when sol-gel synthesis was used [84]. Furthermore, the latter material
was also investigated by Smith et al. [97] using classical solid-state reaction method. Here the total ionic

conductivity was 2.1 x 107 S cm™! with a relative density of ~97% after hot-pressing.

The ionic conductivity of LSP was reported to be 107 S cm [99]. Amatucci et al. explored the

optimization of LSP by substituting A13* and Y*" for Sc**. The ionic conductivitis at RT were reported
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as 1.5x 10°S ecm™, 5 x 10° S em™ and 5 x 10° S cm™ for LizSci.6Alo4(PO4)3, LizSci15Y05(PO4)3 and
LissSct4(PO4)3, respectively [90]. Furthermore, Li2.8Sc1.8Zro2(POa4)s has an ionic conductivity of 2 x 107
S ecm [99].

Suzuki et al. described the synthesis, structure and ionic conductivity of Li-ion conductors of Liz+2x(Sci-
xMgx)2(PO4)3, Liz-4x(Sc1-xMx)2(PO4)3 (M = Nb, Ta) [89] and Liz-2x(Sc1-xMx)2(PO4)s (M = Ti, Zr, Sn, Hf)

[89, 100]. Tonic conductivity of members of these solid solutions is summarized in Annex 1.

Sato et al. [101] studied the system Lis-2x (ScixZrx)2(PO4)3. The highest ionic conductivity of 1.04 x 1073

S cm ! was reported for the sample with x = 0.05 at 150 °C, but no value at RT was presented.

The research results of the partial cation substitutions show improvements in ionic conductivity, but the
values still cannot meet the requirements for high battery performance. Moreover, the results confirmed
that most of the crystal structures for NaSICON materials have rhombohedral symmetry with space
group R3c. Orthorhombic, monoclinic and triclinic symmetry variations appear more rarely, depending
on composition, synthesis conditions and temperature. On the one hand, long duration of sintering (up to
10 h) at high temperatures (above 1200 °C) [15] is required to stabilize the rhombohedral phase showing
the fast ion conductivity and on the other hand sintering at high temperatures increase the evaporation of
lithium species and the occurrence of micro-cracking during cooling from high temperature to RT [104,
105]. Furthermore, the loss of lithium species at high sintering temperature [106] is the reason for
intensified pore formation [107]. All these aspects eventually result in ionic conductivity values which

cannot meet the high battery performance requirements.

Therefore, there is a strong need to reduce the sintering temperatures of Li-containing NaSICON materials
to avoid micro-cracks, limit the lithium evaporation, and achieve high relative density and high ionic
conductivity. For that purpose, the next section is the re-investigation of the system Lii~M>"xZr2-
«(Si04)y(PO4)3y (M*" = AIP", Sc**, Y**) with a systematic optimization of the sintering conditions to

further increase the ionic conductivity of NaSICON materials.

1.3.2 Polyanion partial substitutions

In the polyanionic substitutions two solid solutions were investigated with the aim to reduce the sintering

temperature and to increase the ionic conductivity (see Figure 1.3):

a) The series Liz+xSc2SixP3xO12 with 0 < x < 0.6 derived from the parent compound LSP (x= 0). Beyond

x = 0.6 the conductivity is expected to decrease due to the decreasing number of vacancies [54].

b) Partial substitution of P>* by Si*' in the system Lii.2+xSco2Zr1.8SixP3xO12 with 0 < x < 2.8. The
mentioned series is an extension of the exploration in the same system with the cation substitution in the
11



solid solution Lii+xScxZr2xP3012. The composition Lii2Sco2Zr1.sP3012 showed the highest conductivity

of 2.7 x 107 S ecm™! within this series.

¢) Full anion substitution of P>* with Si*" was considered LisZr2Si3012 (LZS) in order to study the
chemical stability against lithium metal in comparison with LZP and LSP. To our knowledge, the fully-
substituted LZP has received hardly any attention so far and no research has been carried out on this

compound and the second series mentioned above.

In addition, this work will provide a broader insight into the properties of NaSICON materials substituted
with trivalent ions and re-examined materials using systematic optimization of sintering conditions to
further increase the ionic conductivity of NaSICON materials. The thermal, crystallographic,
microstructural, and electrical properties of the prepared samples are evaluated and discussed in

comparison with previously obtained results.
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I1 Materials and Methods

2.1 Material Synthesis
2.1.1 Powder Synthesis

Powders in Li20-M203-ZrO2-Si02-P20s system where M = Sc, Al, Y were synthesized by the solution
assisted-solid state reaction (SA-SSR) as described elsewhere [110]. Stoichiometric quantities of high
purity Li2CO3 (Alfa Aesar, 99 %), Sc203 (Projector GmbH, 99.5 %), Y203 (Alfa Aesar, 99 %), Al203
(Alfa Aesar, 99.9 %), ZrO:2 (Saint-Gobain, 99.8 %), SiO2 (Alfa Aesar, 99.8%) were mixed in a quartz
glass beaker using water to obtain a homogeneous aqueous suspension. Additionally, a corresponding
amount of NH4sH2PO4 (Merck KGaA, 99 %) was added during stirring. The whole mixture was stirred
overnight with 250 rpm at 70 °C for the slow evaporation of H2O. The homogenized mixture was first
heated up to 100 °C and then the dried solid mixture was calcined in an oven at (500 °C — 900 °C)

depending on composition and stoichiometry for 3 hours to form an amorphous raw powder.

2.1.2 Milling

The annealed powder was manually ground in an agate mortar. To reduce the particle size for further
processing, the obtained powder was finally milled in a grinding bowl with ethanol as the dispersing
medium and with 5 mm ZrO:z balls using a planetary ball mill (Pulverisette 7 premium line, Fritsch

Germany) at 350 rpm for 5 hours before being subsequently dried at 70 °C for 6 h.

2.1.3 Sintering

Sintering is the process of consolidation when all part remain solid mass by pressure and heat treatment
which is below the melting point of the material, in this study the sintering temperatures were extracted

from the shrinkage curves in the dilatometer and DTA/TG measurements [39-41].

2.1.3.1 Free sintering

The annealed and freshly milled powders were pressed by uniaxial cold pressing into pellet-shaped
samples with a pressure of about 150 MPa for two minutes and sintered in Platinum (Pt) crucibles. The

sintering was carried out under ambient atmosphere in high temperature chamber furnace.

2.1.3.2 Field-Assisted Sintering Technology/Spark Plasma Sintering (FAST/SPS)
To improve the densification process, a field-assisted sintering, also known as Field-Assisted Sintering
Technology /Spark Plasma Sintering (FAST/SPS), was used [114]. By applying mechanical pressure and
fast Joule heating, FAST/SPS enables sintering of dense ceramics at lower temperatures with significantly

shorter dwell times as compared with conventional free sintering.
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FAST/SPS process was performed in a HP D5 FAST/SPS device (FCT System GmbH, Rauenstein,
Germany) [115] in vacuum (around 0.6 mbar). Before sintering a graphite foil (SGL Carbon) with a
thickness of 0.35 mm was wrapped around the internal diameter of 12 mm of a metallic mold made of
molybdenum based alloy TZM (Plansee SE, Austria) fully covering the internal wall. Then, the lower
disk punched from graphite foil was inserted into the mold, 2 g of NaSICON powder was filled in and
sandwiched by another disk punched from graphite foil. The graphite foil was used to separate the powder
sample from the pressing tools as well as to improve the heat transfer and ease removal of the sample
from the mold. The FAST/SPS device is equipped with uniaxial hydraulic press (pressing force up to 50
kN) and with a 37 kW power source and can reach a maximum temperature of 2400 °C at a maximum
voltage of 8 V. The temperature was controlled by an axial pyrometer, which measured the temperature
from the upper punch. In this work, the sintering was performed at temperatures of 1000 °C -1200 °C. A
uniaxial pressure of 50 MPa was applied with 0.16 hours dwell time. The heating rate was 600 K/h and
slow cooling rate of 120 K/h in order to obtain crack-free samples. After ejection of the samples, the
graphite foil was dry polished off from all pellet surfaces by SiC sandpaper. Then all samples were
thermally treated in air in a chamber furnace at 900 °C for 4 hours to restore oxygen stoichiometry and

remove carbon residues.
2.2 Powder characterization

2.2.1 Elemental analysis

The stoichiometry of the powders was controlled by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) using a Thermo Scientific iCAP7600 spectrometer with optical scale and CID
semi-conductor detector, axial und radial reflection, and wavelengths between 166 nm and 847 nm. 50
mg of powder were mixed with 0.5 g of lithium borate in a platinum crucible and fired for one hour at
1000 °C in a muffle furnace. The liquefied material was dissolved in 30 mL HCI (5%). Afterwards the
sample solutions were transferred to sample vials containing 0.5 mL of HF and filled to 50 mL volume.

For each composition this measurement was done twice.

2.2.2 Particle size distribution

The particle size distribution (PSD) of the milled powders was verified with a laser scattering particle size
analyzer (Horiba LA-950V2 with a 650 nm and a 405 nm laser source). This technique utilizes the
diffraction patterns of the laser beam targeted on sample particles and is capable of measuring the particles
ranging from nanometers to millimeters in size. The resulting data were analyzed applying the Mie theory

[111, 112]. The powders after ball milling have a similar agglomerate morphology. Furthermore, the
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PSDs of all powders are nearly identical with a mean particle size of about 1.1 um. Therefore, any

differences in the sintering process are not related to the different particle sizes of the powders.

2.3 Thermal analysis

2.3.1 DTA/TG

Differential thermal analysis / thermogravimetry (DTA/TG) measurements was performed on the
calcined powders up to 1600 °C in air with heating and cooling rates of 300 K/h using the simultaneous
thermal analyzer STA449F1 Jupiter coupled with the mass spectrometer QMS 403C Aéolos from
NETZSCH-Gerdtebau GmbH. During TG experiment, the changes in weight are measured depending on
temperature and provide data about the thermal stability, the purity and the presence of humidity in a

sample.

The DTA analysis records the temperature differences between the sample and a reference while they
undergo identical thermal treatments. Indeed, a DTA curve is a plot of the differential temperature against
temperature (or time) and the peaks orientation depends on the noticed phenomenon either as exothermic
(downwards peak) or endothermic (upwards peak). Many phenomena can be observed with exo- or
endothermic signals such as crystal structure change, phase transition, solid state reaction, crystallization,

oxidation or reduction are noticed as exothermic signal but melting is noticed as endothermic signal.

2.3.2 Dilatometry

The dilatometry experiments were carried out with a 402C dilatometer also from NETZSCH-Gerdtebau
GmbH. During the measurement the change in length of the pressed pellets was recorded until a shrinkage
of 25 % was reached. Since the shrinkage of the sample is registered during the dilatometry experiment,
the data can be used to adapt the sintering conditions for the systematic studies of the grain size and

morphology changes [113]. During the sintering experiment, the sample is heated up to a given

temperature and the temperature is hold for a given time. LL‘—L is plotted versus the temperature or versus
0
the time during the isothermal period of the thermal program.
2.3.3 Relative density

Correct density measurement is an important characterization for analyzing the sintering property of the

samples. Experimental density was determined geometrically according to equation 2

DPe = Equation 2

m
v
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where p, is the experimental density of the sample, m is the mass and v is the volume. The theoretical
density p; was obtained from the Rietveld refinement results of the X-ray diffraction (XRD). Finally, the

relative density p,was calculated according to equation 3

py =Le Equation 3
Pt

2.4 Crystal structure

2.4.1 X-ray diffraction

XRD is a non-destructive analytical technique used to obtain information about the crystallographic
properties of the material including phase composition and lattice structure. The incident beam of X-rays
is elastically scattered by the electrons of the atoms in a material producing secondary spherical waves.
The waves undergoing constructive interference are registered by a detector, as shown in Figure 2.4.a.

The criterion for constructive interference is given by Bragg’s law (Figure 2.4.b) [116].

nA = 2dpu sin(6) Equation 4

where 7 is an integer, 6 the angle of incidence with the lattice plane and diw the distance between lattice
planes. Each set of lattice planes can be indexed by an integer triple /kl, called the Miller indices, which
represent the intersections points of the plane with the unit cell edges. The entire sample surface is scanned
when 20 = 180°, and Bragg’s law applies at the points where the scattered waves constructively interfere.
By measuring the intensity of scattered waves (reflections) as a function of scattering angle (using a
movable detector, Figure. 2.4a), a diffraction pattern is collected. Very strong intensities, known as Bragg
peaks, are obtained in the diffraction pattern when the lattice is highly ordered and the scattered waves

satisfy the Bragg condition [116].
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Figure 2.4: Schematic of (a) X-ray diffractometer and (b) Braggs diffraction law [117].
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The unit cell information for a given lattice is obtained using the following relationship [118]:

L Equation 5
dppi2 a b c

for a cell of any crystalline material. However, it is reduced to

L =2 m2+k2+ 12)+i_22 Equation 6

2
A2 3a

for a rhombohedral unit cell where a=5 #cand o =p=90°and y=120°

1 h? k2 12 2hlcosf 1- cosz[u’)_l Equation 7

Ap2 T a?sin2B b2 c2sin2 . acsin?p

for a monoclinic unit cell where a #b #cand a=y=90° #f

The space group and lattice parameters can be calculated from given set of d-values using equation 6 and
7 for rhombohedral and monoclinic structure, respectively. Despite the fact that these calculations are
straightforward for one reflection at a given d-value, the calculation of a complete XRD pattern for
polycrystalline material is quite complex and complicated. This is because the XRD pattern of a
polycrystalline material is related to other parameters, such as the preferred orientation of crystallographic
planes or the overlap of reflections (e.g., from different structures of one or more phases). Indeed, complex
algorithms are required to derive the correct space group and unit cell parameters from a complete
diffraction pattern. These algorithms have been developed and are used in data analysis in the Jana
computer program [119].

The phase purity of the different synthetized powders or sintered pellets was controlled by XRD. The X-
ray analyses were carried out with a Bruker D4 Endeavor diffractometer using Cu K. radiation. A typical
measurement was in the range of diffraction angles from 26 = 10° to 80° with a step size of 0.02° and a
dwell time of 0.75 s of measurement time per step. The data were analyzed with the program package

X’Pert HighScore (PANalytical B.V., version 3.0.5).

2.4.2 Rietveld refinement

The XRD patterns can provide detailed information about the crystal structure, atomic positions, lattice
parameters, and site occupancy of atoms within the unit cell when the shape and intensities of the
reflections are fitted using the Rietveld refinement method. The method is named after H.M. Rietveld
[120, 121], who coordinated mathematical expressions that could be used to generate diffraction patterns

similar to that of neutron powder diffraction patterns.
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H.M. Rietveld used the following equation to calculate the intensity /.: at each 20 step i:
Iei =sx X Lnky X [Furaf? x @ (20; — 260py1) X Py X A+ I Equation 8

where the second intensity term /5 is the intensity of the background, while the first term represents the
contribution of every Bragg reflection. In each contribution, both the crystal structure (atomic coordinates,
thermal displacement and site occupancies) and the diffraction experiment (unit cell, peak profile
broadening, etc.) are denoted as follows:

- s, the overall scale factor

- Lii, containing the Lorentz and polarisation factors as well as a multiplicity factor

- Fiu, the structure factor for the (hkl)* Bragg reflection

- 0(20i-20hkl), a profile function were 20; is the diffraction angle corrected for the 20 zero error

- Pnu, a preferred orientation function

- A, the absorption factor depending on the instrument geometry [123, 124].

A decade later, the same simulation was performed with XRD diffraction patterns [122]. This is due to
the fact that each XRD pattern results from multiple superimposed and overlapped Gaussian peaks as
well as a background. In Rietveld refinement, all these peaks are taken into account to fit the XRD pattern
using a combination of complex mathematical expressions [123].

With time and technology improvement, the Rietveld refinement has been implemented in several
computer programs that significantly reduce the effort required to perform such a refinement. In this work,
the crystallographic details of the materials were determined using TOPAS V.4.2 computer software
(Bruker AXS 2008, Karlsruhe, Germany). For such refinement, the program requires high-resolution
XRD patterns recorded with the same diffractometer as used for routine measurement, but with different
parameters: 10 © <20 < 140 ° with increment of 20 of 0.01° increment for 26 and measurement time of 2

s at each step.

2.5 Electrochemical characterization

2.5.1 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is an electrochemical analysis technique that allows to
measure the impedance (complex resistance) of a system using AC. It examines the response of the system
to a sinusoidal perturbation of the potential (or, less commonly, the current) as a function of frequency.
The wide range of frequencies, which can be varied by several orders of magnitude from the mHz to MHz

range, provides access to virtually all steps of an electrochemical process, from the slowest to the fastest.
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EIS makes it possible to obtain electrical and electrochemical quantitative information (resistance,
capacitance, kinetic constants) about charge transfer and charge transport processes at heterogeneous
interfaces and in the bulk of electronically or ionically conducting materials, making it a very important
technique for characterizing various processes [125, 126].
During the impedance measurement, a sinusoidal signal U; with small amplitude Up is applied to the
system electrode/sample/electrode:

U, =U, sin(wt) =U,e/"t, w = 2rf Equation 9

where w is the angular frequency and fis the AC signal frequency.

Uo should be small enough to obtain a pseudo-linear response of the system. In this case, as in linear
systems, the current response to U is also a sinusoid with the same frequency but with a phase shift ¢.
Ir=losin(wt + @) =1, el @t+e) Equation 10

where /o is the amplitude of the current response.

For pure resistive systems, the frequency-dependent phase shift ¢ is zero [125]. According to Ohm’s law,
the impedance can be calculated as follows:

jwt . .
Zw) = U o Yoo =/(Zle7 1 =27~ j7” Equation 11

1: Iloe Wt D)

where Z" and Z’ are real and imaginary components of the complex impedance [125].

The impedance measurements are performed in a defined frequency range at specific frequency values.
For each frequency, the magnitude |Z| and phase ¢ are measured and Z’ and Z” are calculated and plotted
against each other in the impedance spectra as a function of frequency. In a Nyquist plot, the imaginary
(capacitance) part of the impedance is plotted on the y-axis with the real (resistance) part of the impedance
on the x-axis. In such plots, semicircles representing different polarization processes occurring in the
electrochemical system are observed. Each semicircle (or each polarization process) can be analyzed as
a combination of capacitive and resistive properties. The spectra can be simulated and fitted using an
equivalent circuit of capacitors and resistors.

In the Zview® (Scribner Associates Inc) fitting software used to analyze the impedance spectra, a non-
ideal capacitance, called constant-phase-element (CPE), can be used to simulate the non-perfect

capacitance, e.g. of an electrode/sample interface. The impedance of the CPE is calculated as:

1

Zepp = —— Equation 12
CPE = (jw)" Cepp

where w is the frequency, » is an exponent usually between 1 and 0.5 [127] and Ccee is related to the

capacitance C correspondent to :
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1-n .
C=Rn xC 1 [128] Equation 13
CPEm

If n — 1, then Ccre — C and an ideal capacitor is observed. Decreasing n indicates a non-ideal system
and n = 0.5 corresponds to a pure diffusion process.

Impedance spectra of polycrystalline materials often consist of two semicircles, each corresponding to a
contribution from a particular process (bulk or grain boundary resistance), which in sum gives the total
impedance. The semicircle visible at higher frequencies, referred to in this work as the first semicircle,
represents the bulk resistance contribution. Bulk resistance, also called grain-interior resistance, is an
intrinsic property of a material and depends mainly on its composition and crystal structure. The second
semicircle, which is observed at lower frequencies, results from the contribution of the grain boundaries
to the total impedance. Grain boundary resistance depends on the material composition, but is greatly
affected by the processing conditions and the morphology of the starting powder.

The conductivity of the pellet is calculated from the specific resistance values according to the

expression:

l
A x Ry

Ox = Equation 14

Where [ is the thickness of the measured pellet and A the area of the electrode. Often it is not possible to
distinguish between different processes, or the different processes cannot be assigned, so only the total

conductivity of the sample is expressed as:

Trorar = Ty Equation 15

The activation energy of the ionic conductivity of a material is also determined from impedance data at
different temperatures using Arrhenius law:

-Eq

opr T =AeT Equation 16

where or is the conductivity at the absolute temperature 7, E. is the activation energy composed of a
barrier energy AH» for charge migration and a relaxation energy AH, of the local lattice environment, 4
is a pre-exponential constant containing the number of charge carriers, jump distance and attempt
frequency [129, 130] and £ is the Boltzmann constant.

In this work, Impedance Spectroscopy (IS) was used to measure the ionic conductivity of sintered dense
pellets of synthesized compounds. For the measurements, blocking gold electrodes were applied on both

surfaces of the pellet by sputtering gold for 2 minutes using a Cressington 108 coater, resulting in ~30
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nm thick layers. Prior to sputter coating, both sides of the pellet were dry polished using SiC sandpapers
to 4000 grit. The measurements were performed at 25 °C and at different temperatures from —40 °C to
100 °C with 20 °C steps in a climate chamber (VT 4002EMC, Votsch Industrietechnik) using a BioLogic
VMP-300 multichannel potentiostat. The frequency was varied from 7 MHz to 1 Hz with an amplitude
of 10 mV.

2.5.2 Cyclic voltammetry

Cyclic Voltammetry (CV) is a popular potentiodynamic electrocanalytical technique used in battery
research. It provides information on the thermodynamics (redox potential) and kinetics (electron transfer,
diffusion rate) of electrochemical reactions [131]. In a CV experiment, the electrode potential is varied
linearly at a given scan rate (in mV s™') in a defined potential range in both forward and reverse direction.
The starting potential value is usually chosen before any electrochemical reaction occurs, and the final
value is set after the reaction is nearly complete but before any other undesired reaction, e.g. the
decomposition of electrolyte, occurs. In cyclic voltammograms the current is plotted against the applied
potential. For a reversible redox process in which n electrons are exchanged, the potential is directly

related to the concentration of the redox species according to the Nernst equation:

E=E° - ﬂln(ived) Equation 17
nF Aoy

where E is the applied potential in V, E® (V) the standard potential, R is the universal gas constant (8.314
J K mol"), T the temperature in K, F the Faraday constant (9.65 10* C mol™") and 7 is the amount of
electrons exchanged during the redox reaction [131]. aox and ared are the activities of the oxidized and
reduced species, respectively. The standard cell potential is determined by the reduction potentials of the

electrode materials E° under standard conditions (equation 18).

E® = E((,‘)athode - Ef(l)node Equation 18
Dependence of the current and potential on the scan rates provides information about the kinetics of the
electrochemical process. For a kinetically fast system, the peak current is proportional to the square root

of the scan rate as described in the Randles—Sev¢ik equation (equation 19):

i% =i = 2.69 - 105n3/24DY/2v1/2¢C Equation 19
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where A is the area of the working electrode in cm?, D is the diffusion coefficient of the electroactive

species in cm? s, v is the scan rate in V s, and C the concentration of the electroactive species in mol

cm™ [131]. In equation 19, the first term corresponds to 0.446 x F x \/g =2.69 10°, where T'is the room

temperature (298 K).

In this work, the CV measurements were performed using the VMP-300 potentiostat combined with the
climate chamber and operated in the potential range from 0 V to 2 V with scan rate of 1 mV s™'. The
sample for CV measurements was sandwiched between a lithium metal foil and a thin gold layer. The cell
assembly and measurements were performed in an Ar-filled glovebox and then sealed by hot glue to avoid

contamination from ambient air. The measurements were carried out in Swagelok cells.
2.6 Scanning electron microscopy

A scanning electron microscope (SEM) produces images of a sample by scanning the surface with a
focused beam of electrons. The interaction of the electrons with the sample surface produces different
signals that provide information about the morphology and topology, composition and even electrical
conductivity. The signals are generated by differently scattered electrons:

- Backscattered electrons (BSE) provide compositional insights. In this mode, the targeted electrons are
scattered after an elastic collision. The number of BSE electrons reaching the detector is proportional to
the mean atomic number Z. Heavy atoms appear brighter and vice versa. If two materials have identical
Z, they produce identical brightness and are therefore indistinguishable.

-The secondary electrons (SE) are generated as ionization products of irradiated atoms by the electron
beam. Due to their low energy, SEs can only escape from the atoms at the sample surface (few nm),
therefore they are used to determine the surface topography and morphology of the samples. A major
limitation is that the image appears brighter when SEs are emitted from the edges of the sample, the so-
called “edge effect”. The SEM Ultra55 Zeiss was used in this work to investigate the microstructure of
cross-sections of the sintered pellets. Thin platinum layer was sputtered on the surface of the samples

before analysis to increase their electrical conductivity.

2.7 Energy dispersive X-ray analysis

Energy dispersive X-ray analysis (EDX) is an analytical technique used for elemental analysis or chemical
characterization of a sample. It relies on an interaction between an X-ray excitation source and a sample.
When the sample is exited with high-energy electrons in the SEM, characteristic X-rays of the elements
are induced. By detecting a spectrum of the emitted X-rays in EDX or the intensity of a specific

wavelength in WDX (wavelength dispersive X-ray analysis), the elements in the sample can be detected.
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In addition to qualitative analysis performed in this work, quantitative analysis is also possible [129] when

a standard material is available for calibration.

The SEM/EDX analysis was carried out using a Zeiss Merlin field emission SEM (Zeiss Microscopy
GmbH, Germany) equipped with a windowless X-Max extreme EDX detector (Oxford Instruments, UK).

The Oxford instruments AZtec software was used for data acquisition and analysis.

2.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) or ESCA (Electron Spectroscopy for Chemical Analysis) is an
important technique for surface characterization [137]. This technique provides a complete elemental
analysis (with the exception of hydrogen and helium) and chemical bonding information of the top 10 to
200 A of any vacuum-stable solid surface (depending on the sample and instrumental conditions). Of all
the instrumental techniques currently available for surface analysis, XPS is generally considered to be the
most quantitative, the easiest to interpret and the most informative in term of chemical information [138].
XPS characterization was performed using PHIS000 Versa Probe II instrument with monochromatized
Al-Kq radiation (1486.6 ¢V) in collaboration with Justus Liebig University (JLU) Giessen. The samples
were either brought in contact with Li metal to investigate their reduction stability, or heat treated at high
temperature (1000 °C) under inert atmosphere (Ar). Samples were then sealed in aluminum pouch bags
for transfer and opened in an Ar-filled glovebox (H20 < 0.1 ppm and O2 < 0.1 ppm) and mounted on an
electrically insulating sample holder. This sample holder was then transferred to the XPS chamber via an
airtight transfer vessel. A dual beam charge compensation was applied during the measurements. The
diameter of the analysis beam was 200 pm and the analyzer pass energy was 23.5 eV. For the Li-contacted
sample, Ar-sputtering was applied to the sample surface (2x2 mm area) for depth profiling. The
acceleration voltage was 1 kV for the first 6 minutes (3+3 minutes) and 2 kV for the following 16 minutes
(8+8 minutes). Casa XPS software was used for data analysis. A linear energy calibration was applied on

each spectrum so that the hydrocarbon peak was positioned at 284.8 Ev.
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III Solid-state Li" ion conductors in the system Li,O-M,03-ZrO;-
Si0:-P,0s - Partial cation substitutions in Lij+xMxZr« P30 with
M =S¢, Y, Al

3.1 Scandium substitutions: Lii+xScxZr2x(PO4)3 (0 <x<2)

For the investigation of the Lii+xScxZr2x(POa4)s series, the substitution of zirconium with scandium was
varied from x = 0 to x = 2 with intervals of 0.2. To obtain the optimum sintering condition for each
material and dense ceramics of a high quality, the shrinkage behavior of the pellets was characterized by
dilatometry (see Annex 2a and Figure 3.4.1a for the material where x = 0.2). The shrinkage was recorded
during constant heating until a shrinkage of around 23 % was reached. The pressed pellets were
subsequently sintered in the furnace in air at varying temperatures in 10 °C steps between the temperatures
defined by 10 % shrinkage (T10%) and 23 % shrinkage (T23%) in the corresponding dilatometry curve.
After several sintering tests in the same oven applying the same conditions (3 h, 300 K/h cooling and
heating), the optimum sintering temperatures offering the highest relative densities were determined and
are listed in Tables 3.1.1 and 3.1.4. No significant shrinkage was obtained below the listed temperatures.
Above the listed temperatures, the formation of micro-cracks was observed. For the material where x =
1.6, the sintering experiments were performed only from 900 °C to 985 °C in 10 °C steps, since the pellets
melted at about 1000 °C. For samples where x = 2, the sintering experiments were also carried out only
from 900 °C to 1000 °C. The dilatometry curve showed expansion starting at about 1000 °C, and sintering

at higher temperatures also resulted in the expansion of the pellets and a very low density.

Table 3.1.1: Optimized free sintering temperatures (in °C) for Lii+«xMxZr2-x(PO4)3 where M = Sc, Y, Al
In all cases, a constant dwell time of 3 h was applied at the given temperatures.

X M =S¢ M=Y M=Al
0 1300 1300 1300
0.2 1280 1250 1250
0.4 1250 1250 1100
0.6 1250 1250 1050
0.8 1250 1100 1010
1 1200 980 950
1.2 1230 1000 -

1.4 1250 1000 -

1.6 985 980 -

1.8 1150 980 -

2 1000 980 -
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Figure 3.1.1 shows the XRD patterns of Lii+xScxZr2x(PO4)3 (0 < x < 2) after sintering at the temperatures
listed in Table 3.1.1 The indexing of the reflections in the powder XRD patterns showed that all
compositions crystallize with a NaSICON structure. The rhombohedral phase (R3c; Inorganic Crystal
Structure Database (ICSD) no. 191891) [21] was stabilized at RT for the composition where x = 0.2,
similar to the substitutions with Ca or Sr in LZP [13, 18]. The diffraction peaks observed for x = 0.2 were
assigned to a pure NaSICON structure without any impurity phase. For compositions where 0.4 <x < 1.4,
the XRD patterns show the presence of a mixture of rhombohedral and monoclinic (P2:/n; ICSD no.
91112) [34] symmetry. Moreover, for the mixture of rhombohedral and monoclinic phases, the
orthorhombic phase (Pbcn; ICSD no. 83913) [28] appeared in compositions where 1.6 < x <2, which is
in good agreement with the previous work by Sato et al. for Liz-2xSc22xZr2x(PO4)3 [28]. The contents (in
wt.%) of the different phases for all Lii+xScxZr2-x(PO4)3 compositions are listed in Table 3.1.2 and
presented in Figure 3.5.

A significant amount of Zr2O(PO4)2 was detected as an impurity in LZP. The formation of Zr2O(PO4)2
during the sintering of Li+xScxZr2-x(PO4)3 was also observed by Salkus et al. [24]. Furthermore, in LSP
(x =2) a small amount of unreacted scandium oxide was found. The amount of orthorhombic Zr2O(PO4)2
phase (space group Cmca, ICSD no. 1922) [35] was refined as 10 wt.% and that of monoclinic Sc203
phase (space group C2/m,; ICSD no. 160218) [36] as 4 wt.% according to Rietveld analysis. In Figure
3.1.1, the impurity phase is denoted by an asterisk for Zr.O(PO4)2 and by a filled circle for Sc20s.

R3C+P24/n
NN Y I N YO W o
R3C+ P2,/n _
Pocn J | A x=1.8
R3C+P2/1 _
:‘2 F’bcn+ .1 " 1 x=1.6
S R3C+ F’2A1/n ) x=1.4
L2 |racs P24/n x=12
[\ ST VI VN U S PR
~ R3C+P24/n x=1
> — I 5 Y J kA A A
-“5)' R3C+P2,/n x=0.8
C R3C+P2.,/n _
‘9 .1 . x=0.6
C  |R3C+P2yn x=04
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R3c x=0.2
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Figure 3.1.1: XRD patterns of LSZP where 0 < x < 2 after sintering at optimum conditions (Tables 3.1.1
and 3.1.4). The reference patterns at the bottom are taken from the Inorganic Crystal Structure Database
(ICSD), P21/n; ICSD no. 91112 (blue) [34], Phcn; ICSD no. 83913 (red) [28], R3c; ICSD no. 191891
(black) [21]. The symbols * and e indicate Zr2O(POa)2 and Sc203, respectively.
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The lattice parameters and cell volume of Lii+xScxZr2x(PO4)3 (0 < x < 2) obtained by Rietveld refinement
and structural literature data of LZP [13] are summarized in Table 3.1.2. The refinements were performed
on the basis of space groups given in Table 3.1.2. For better comparison, the lattice parameters and unit
cell volume of rhombohedral (space group R3c) and orthorhombic (space group Pbcn) symmetry were
converted to monoclinic symmetry (space group P2:/n). These converted data are summarized in Annex

3.

Table 3.1.2: Lattice parameters, unit cell volume, space group, and content of NaSICON polymorphs in
Lir+xScxZrax(PO4)3 (0 <x < 2).

X . o 3 Space | Content
Material a(A) b (A) c(A) B V (A% group | (wt.%)
0 | LiZr(POy)s [13] 8.8600(1) | 8.8600(1) | 22.065(1) | 20 1500.04 | R3¢ |-
0 LiZr,(PO4)s * 8.808(1) 8.808(1) | 22.517(3) | 90 1512.85 | R3¢ |90
02 | Li,,Sc,,Zr, (POs)s | 8.864(2) 8.864(2) | 22.120(2) | 90 1505.13 [ R3¢ | 100
. 8.885(1) 8.885(1) |[22.057(3) | 90 1507.97 | R3¢ [ 58
04 |Li Sc Zr (PO
1SN PON e o) 80673 | 12.4302) | 91017 | 97880 | P2iin | 42
06 | Li Sc, Zr, (POgs | 3207G) 8.907(3) | 22.057(1) | 90 151544 | R3¢ |54
6770671 8.764(2) 8.974(2) |12.447(3) [ 91.170 [978.73 | P2i/n | 46
08 | Li S, Zr (PO9: 8.895(1) 8.895(1) | 22.057(1) |90 1511.36 | R3¢ |52
2770, 8.759(3) 8.977(1) | 12.434(3) | 91.200 |977.46 | P2/n | 48
: Li ScZt(PO); 8.839(2) 8.839(2) |[22.057(2) | 90 149239 | R3¢ |50
8.750(3) 8.868(3) | 12.353(1) [ 89.937 [958.53 [ P2/n |50
12 | Li,Se, Zr, (POu); 3.834(1) 8.834(1) | 22.058(3) | 90 1490.77 [ R3¢ |49
2771, 8.749(3) 8.885(2) | 12.356(1) | 89.862 | 960.49 | P2/n |51
14 | Li,Sc, zr, (PO, | 3839Q) 8.839(2) | 22.058(3) | 90 149246 | R3¢ | 42
47 8.776(1) 8.861(3) | 12.361(2) | 90.011 | 96124 | P2/n | 58
3.846(1) 8.846(1) | 22.057(1) |90 1494.76 | R3¢ |32
1.6 | Li,Sc, Zr, (POs)s |[8.789(2) 8.845(1) | 12.395(3) | 90.040 | 963.57 | P2/n | 62
12.365(1) [ 8.785(2) | 8.854(1) [90 961.8 | Pbcn |6
8.865(3) 8.865(1) | 22.058(3) | 90 1501.25 | R3¢ 14
1.8 | Li,Sc, Zr ,(POs)s | 8.812(3) 8.845(1) | 12.375(2) [ 89.822 | 964.53 | P2/n |72
12.371(2) | 8.807(1) | 8.841(3) |90 9632 | Pben | 14
_ 8.809(1) 8.809(1) | 22.058(2) | 90 148235 | R3¢ |7
2 Li,Sc,(PO4); ** 8.816(2) 8.851(1) |12.286(1) | 90.083 |958.68 | P2/n |73
12.299(1) | 8.856(2) | 8.807(1) |90 9593 | Pben | 16

*: Contains 10 wt.% Zr2O(PO4)2; **: contains 4 wt.% Sc203

The evolution of the XRD pattern of Lii2Sco2Zr18(POas); after sintering at different stages of heat
treatment is shown in Figure 3.1.2. A significant change was observed in the patterns upon increasing the
sintering temperature. Initially at 900 °C, the reflection at 26 = 20.37° was sharper than after sintering at
1000 °C, consisting of one intense reflection with a shoulder at 26 = 20.04°. At higher temperatures, the

reflection started to increase in intensity and at 1250 °C it became a doublet with the same intensity.
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Beyond 1250 °C, the two neighboring reflections converged and became a single reflection at 1280 °C.
In combination with the vanishing of other reflections, this indicates a phase transition to a higher crystal
symmetry. Analysis of XRD patterns from 900 °C to 1200 °C showed that monoclinic symmetry was
predominant compared to rhombohedral symmetry. At 1250 °C, the rhombohedral symmetry was
dominant, and the Rietveld refinement showed 24 wt.% and 76 wt.% for the monoclinic and
rhombohedral phases, respectively. At 1280 °C, the pure rhombohedral phase was stabilized. Kumar et
al. [11] also reported the formation of phase mixture in LZP consisting of triclinic C1 and rhombohedral
R3c fractions. This phase mixture differs from the result obtained here. The variation of crystallographic
symmetry could be influenced by different factors such as the temperature of the heat treatment and also
the use of different starting materials. However, as shown in Figure 3.1.2, sintering at 1280 °C can provide

the pure thombohedral NaSICON structure.

In addition, at 900 °C and 1000 °C, the sample contained different amounts of monoclinic ZrP+O12 (space
group Clcl; ICSD no. 23014) [37] as a secondary phase. However, no impurity was detected at 1200 °C

and above.

Rietveld refinement was performed to obtain the lattice parameters, unit cell volume, and crystallographic
density (dx) of Li1.2Sco.2Zr1.8(PO4)3 during phase evolution. The results of the refinement are presented in
Table 3.1.3. The increase in the sintering temperature of the investigated compound leads to a small
increase of the unit cell volume up to 1250 °C, while the phase transition at 1280 °C leads to a significant

expansion of the crystal lattice.

Table 3.1.3: Unit cell parameters and space group of Li12Sco2Zr1.8(PO4)3 after sintering at different
temperatures.

Temp. a(A) b (A) c Q) B V (A3 V/Z (A% | Space | Density
/°C group | (g/em®)
000 |8010() [ 8.9102) | 22.057() | 90 151647 | 252.7 R3c 326
8.806(4) 8.934(5) 12.360(3) 89.901(3) 972.40 243.1 P2,/n )
000 |88770) [8:877() [22.0612) |90 150553 | 250.9 R3c 324
8816(2) | 8932(1) | 12373(1) | 89.907(1) | 97431 | 243.6 P21/ :
00 L3861(D [ 83613) [22.0652) | 90 150038 | 250.1 R3c 323
8.818(2) 8.935(1) 12.373(1) 90.015(2) 974.85 243.7 P2,/n )
o 88480 [8:848(2) [22.114(D) |90 14990 | 249.8 R3c 123
8817(1) | 8.935(2) | 12.374(1) | 90.018(1) | 97482 | 2437 P21/ :
1280 | 8.864(2) | 8.864(2) |22.120(2) |90 1505.13 | 250.8 R3c 3.09
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Figure 3.1.2: Phase evolution of Lii.2Sco.2Zr1.8(PO4)3 after sintering at different temperatures from 900 °
C to 1280 °C. *: ZrP4On1a.

To study the impact of scandium substitution on ionic conductivity for zirconium in Lii+xScxZr2-x(POa)s,
impedance spectra were measured at 25 °C. The Nyquist plots of the spectra are shown in Figure 3.1.3.
A single semicircle is obtained in the complex impedance plots for all samples at high frequencies, which
begins at the origin, with the exception of the LZP and LSP samples. The straight line at low frequencies
is due to the ion-blocking electrode polarization. This is attributed to the accumulation of the mobile
charge carriers at the electrolyte/electrode interface, indicating that the material is an ionic conductor [38].
The separation of grain and grain boundary resistance from the impedance spectra of Lii+xScxZr2x(PO4)3
samples is therefore not possible. Mariappan et al. and Wolfenstine et al. have investigated the impedance
properties of Y-doped and Sr-doped LZP, respectively [12,39], and reported that the deconvolution of
grain and grain boundary resistances for these materials is not feasible. The radius of the semicircle
represents the increase of resistivity with increasing x. However, this trend is not evident for the
unsubstituted sample LZP.

The impedance data were fitted using the given equivalent circuit, as shown in Figure 3.1.3. The scandium
substitution generates a decrease in the total resistance and improves the ionic conductivity until x = 0.2
(see Table 3.1.4). With scandium substitution in LZP, the total ionic conductivity at 25 °C increases from
5.4 x 107 S cm™ for the unsubstituted LZP to 2.7 x 10° S ecm™ for Lii2Sco2Zr1.8(PO4)3, showing the
highest ionic conductivity in the LiixScxZr2-x(PO4)3 series and exhibiting a higher ionic conductivity

compared to reported values (Figure 3.1.4 and Table 1.2).
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As x increases further (x > 0.2), ionic conductivity decreases continuously. However, at 25 °C, all
scandium-substituted materials show ionic conductivity many times higher than that of pure LZP [10, 34,

40]. Even the LSP exhibits a high ionic conductivity of 6.5 x 107 S cm™ at RT.
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Figure 3.1.3: Nyquist plot of impedance spectra at 25 °C of Lii+xScxZr2x(PO4)3s where 0 < x < 2 after
accounting for the sample dimensions. The equivalent circuit is also shown.

Table 3.1.4: Free sintering temperature and time, relative density, and ionic conductivity at 25 °C for
LirxScxZr2x(PO4)3 (0 <x <2).

X Material Sintering temperature Relative density | 6 25¢c (S em™)
(°C) and dwell time (h) (%)

0 LiZr2(PO4)s 1300/ 3 88 54 x 10
02 | Li,,Sc,,Zr, (POs); 1280/3 85 27 x10°
04 | Li, Sc, Zr, (POs)s 1250/3 90 97x10"
0.6 | Li, Sc,Zr, ,(POs)s 1250/ 3 98 82x10°
0.8 | Li, Sc,Zr, ,(POs)s 1250/3 98 71x10°
1 Li,ScZr(PO4)s 1200/ 3 97 82 x 107
12 | Li,,Sc,,Zr, (POu); 1230/3 96 65x10°
1.4 | Li,,Sc, Zr, (POs)s 1250/3 94 56x10°
1.6 | Li,Sc, Zr, (POu); 985/3 90 2.7x10°
1.8 | Li,Sc, (Zr, ,(POu)s 1150/3 91 45x%x10°
2 Li,Sc,(POy)s 1000/ 3 87 6.5% 10"
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Figure 3.1.4: Variation of the total conductivity of Lii+xScxZr2x(PO4)3 as a function of x. The ionic
conductivity of LiZr2(PO4)3 (crossed squares) can be divided up into the dimorphic nature of the material.
The literature data are listed in Table 1.2.

Figure 3.1.4 gives an overview of the variation of the total ionic conductivity at 25 °C of Lii+xScxZr2-
x(PO4)3 where 0 < x < 2. It also contains a literature review of different compositions where x= 0 [20, 22,
34,39, 41-45], x =2 [25,46,47],x =1.8 [24], 1.6 <x <2 [28], and 1.4 <x < 2 [26]. In this work, at 25
°C, the highest ionic conductivity of this series was observed for the material where x = 0.2 (2.7 x 10 S
cm™). This high value of ionic conductivity could not be associated with densification, since the relative
density of this material after one-step sintering was only 85 %. However, the density was improved with
a two-step sintering approach, as described in Section 3.4. The purity of the material could explain this
high value of ionic conductivity, as it is the only material in the series that was indexed as a pure
rhombohedral NaSICON phase without any trace of other impurities. In contrast, the Li2ScZr(POas)3
material with a higher relative density (97%) was obtained using the one-step sintering process, but
yielded poor ionic conductivity (8.2 x 1077 S em™) at 25 °C. Although XRD analysis (Figure 3.1.1) clearly
showed the presence of a mixture of rhombohedral and monoclinic phases for 0.4 < x < 1.4 and
rhombohedral, monoclinic, and orthorhombic phases for 1.6 < x < 2, their conductivities are higher.
Therefore, the low conductivity of Li2ScZr(PO4)3 can be considered as a local minimum along the series.
As previously reported, the Lii+xScxZr2x(POa4)3 materials where 1.6 < x <2 show similar conductivities:
higher than the data of Salkus et al. (x = 1.8; 2 x 10 S cm™") [24], but lower than the values reported by
Suzuki et al. [26] and Sato et al. [28]. On the one hand, the lower reported values of ionic conductivity
could be related to a low relative density, which was reported to be only 70 %, while 91 % was obtained

in this work. On the other hand, the higher reported ionic conductivity could be explained by the better
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homogeneity and the absence of polymorphism in contrast to the Lii+xScxZr2-x(PO4)3 material investigated
here.

For the end members LZP (x = 0) and LSP (x = 2), the conductivities at 25 °C vary by about seven orders
of magnitude. This strong scatter is largely dependent on the quality and thermal history of the materials
and can be explained by the following reasons: a) Depending on the heat treatment and processing (e.g.
quenching), the rhombohedral high-temperature phase can be stabilized below room temperature. This is
well known for LZP [34, 43]. In turn, crystal symmetry strongly affects the ionic conductivity [42, 43].
b) Heat treatment and processing also affect the relative density, and there are many examples where
conductivity decreases exponentially with increasing porosity. ¢) The final stoichiometry of the material
is very important, especially for the end members, since small deviations of charge carriers (or vacancies
at the other extreme) of only 1-2 % can lead to conductivity changes by several orders of magnitude [48,

491.

3.2 Yttrium substitutions: Lii+YxZr:x(PO4)3 (0 <x<2)

Yttrium was substituted for zirconium in Lii+xYxZr2x(PO4)3 in a stepwise manner from x = 0 to x = 2.
According to the shrinkage behavior of the Lii+YxZr2x(PO4)s pellets (see Annex 2b and Figure 3.4.1a
for the material where x = 0.2) recorded with dilatometry, the pressed pellets were sintered at different
temperatures. The sintering experiments in the furnace were again carried out between Tio% and T23% in
steps of 10 °C in air. The optimal sintering temperatures leading to the highest relative densities are listed
in Tables 3.1.1 and 3.2.3 For materials where x > 1, sintering experiments were performed only from 900
°C to 1000 °C, as dilatometry measurements showed volume expansion starting at around 1010 °C, and
sintering experiments in the furnace led to deformation and partial melting.

Figure 3.2.1 shows the reflections in the powder XRD patterns of Lii+xYxZr2x(PO4)3 after sintering at
optimum sintering conditions (Tables 3.1.1 and 3.2.3). The reflections observed for the sample where x
= 0.2 were assigned to a pure and well-crystallized rhombohedral (R3c) NaSICON structure. Lii+xYxZr2-
«(PO4)3 where x = 0.4 crystallized as a mixed rhombohedral (R3c) and orthorhombic (Pbcr) NaSICON
structure. The materials where 0.6 < x < 1.6 contained the polymorph with the orthorhombic symmetry
(Pbcn). Furthermore, tetragonal YPO4 (space group 14:/amd; ICSD no. 201131) [50] was detected as a
secondary phase for 0.4 <x < 1.6, as also observed by Li et al. [21]. Starting from x = 0.8, but especially
at x = 1.8 and x = 2, YPOs4 appeared as a predominant phase with 95 wt.% and 93 wt.%, respectively.
Moreover, small amounts (2-7 wt.%) of orthorhombic Li3PO4 (space group Pcmn; ICSD n0.20208) [51]
were detected as an impurity in the YPOu. LizPOs is easily formed during the synthesis of LiZr2(POa)3,
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as described in [21]. The content of rhombohedral and orthorhombic NaSICON phases as well as YPO4

at different Y>* substitution levels from x = 0.2 to x = 1.6 are summarized in Table 3.2.1 and presented in

Figure 3.5.b.
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Figure 3.2.1: XRD patterns of Lii+xYxZr2x(PO4)3s where 0 < x <2 after sintering at optimum conditions
(Tables 3.1.1 and 3.2.3). The reference patterns of LYZP are taken from the inorganic crystal structure
database (ICSD), R3c; ICSD no. 191891(black) [21], Pbcn; ICSD no. 83913 (red) [28], YPO4 (I4:/amd),
ICSD no. 201131 (blue) [50]. The symbols * and e indicate Zr2O(PO4)2 and Li3POs4, respectively.

Table 3.2.1: Lattices parameters, unit cell volume, and space group of LYZP where (0.2 <x < 1.6).

Space | Content | Content
X Material a(A) b (A) c(A) V (A% P . YPO,
group | (wt.% ) (WE%)
0.2 | Li,,Y,,Zr, (POs)s | 8:872(2) |8.872(2) |22221(1) | 151474 | R3c 100 0
. 8.869(3) | 8.869(3) |22.14(1) | 1508.20 | R3c 61
04 |Li Y, Zr (POs)s 6
8.829(9) | 12.438(5) | 8.948(9) | 982.67 | Pbcn |33
0.6 |Li Y, Zr (POs)s |8831(3) | 12.41(1) |8.951(1) |981.99 | Pbcn |85 15
0.8 | Li (Y, Zr (POa)s™ | 8819(1) | 12.41(3) |8.921(2) |976.35 | Pben |26 72
1 Li,YZr(PO4)s* 8.804(2) | 12.372(1) | 8.903(2) | 969.74 | Pbcn | 30 68
12 | Li,,Y,,Zr, (POs)s* | 8.888(3) | 12.355(1) | 8.818(3) | 968.31 | Pbhcn |35 63
1.4 | Li,,Y, Zr, (POs)s* | 8.886(2) | 12.344(3) | 8.820(3) | 967.45 | Pbcn | 37 61
1.6 | Li, Y, Zr, (POs)s* | 8.882(3) | 12.30(3) | 8.830(2) | 964.66 | Pbcn | 38 59

*: Contains 2-7 wt.% LizPOas
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The XRD patterns of Lii2Y0.2Zr1.8(PO4)3 from 900 °C to 1200 °C show the presence of a phase mixture
of rhombohedral and monoclinic symmetry. At temperatures from 900 °C to 1200 °C, the intensity of
reflections associated with the rhombohedral phase increased significantly, and most importantly, at 1250
°C, the material displayed a phase change to pure rhombohedral symmetry. At 1280 °C, in addition to the
rhombohedral symmetry, very small reflections of the monoclinic phase were again observed in the
pattern (Figure 3.2.2).

Rietveld refinement revealed rhombohedral and monoclinic phase ratios of 40/50 wt.%, 60/40 wt.%, and
80/20 wt.% at 900 °C, 1100 °C, and 1200 °C, respectively. Furthermore, at 900 °C, 2 wt.% of unreacted
P20s with space group R3¢ (ICSD no. 16610) [52] and 8 wt.% of tetragonal YPO4 were detected as
secondary phases. At 1280 °C, 20 wt.% of tetragonal ZrO2 with space group P42/nmc (ICSD no. 97004)
[53] was detected.

P2/n
R3C

1280°C

P2.,/n
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N | N ha
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Figure 3.2.2: Phase evolution of Li12Y0.2Zr1.3(PO4)3 after sintering at different temperatures from 900 °
C to 1280 °C. The symbols +, *, and e indicate P2Os, YPOs, and ZrOz, respectively.

Table 3.2.2: Unit cell parameters and space group of the Lii2Yo0.2Zr1.8(PO4)s3 after sintering at different
temperatures.

Temp./ | a(A) b (A) c(A) B vV (A% Space group
°C

900 8.869(1) 8.869(1) | 22.1342) | 90 1507.79 R3c
8.876(2) 8.944(1) | 12.468(3) 89.903 989.8 P21In

1000 8.872(1) 8.872(1) | 22.1572) | 90 1510.37 R3c
8.857(2) 8941(1) | 12.475(1) | 89.902 987.8 P2In

1200 8.883(2) 8.883(2) | 22.148(1) | 90 1513.51 R3c
8.861(1) 8919(1) | 12.475(3) 89.801 985.9 P2m

1250 8.872(2) 8872(2) | 22.221(1) | 90 1514.74 R3c

1280 8.885(3) 8.885(3) | 22.181(1) | 90 1516.44 R3¢
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The impact of substituting yttrium for zirconium in Lii+xYxZr2x(PO4)3 on ionic conductivity was also
investigated by impedance spectroscopy at 25 °C. The Nyquist plots of the impedance spectra are shown
in Figure 3.7. Here, only the compositions where 0 < x < 1 are shown due to the increasing content of
YPOs in the phase mixture that disproves the conductivity data. Again, only one depressed semicircle is
obtained at high frequencies starting at zero, except for the compositions x = 0 and x = 1 whose depressed
semicircles did not begin at the origin.

The radius of the semicircle increases with increasing yttrium substitution level fromx =02 tox = 1.

501 *x=0
ex=0.2
ex=04 e
ex=0.6
e 40+ x=0.8
S x=1
G 304
X
~
N 20
10A //_O\i\’\
Jj alj
Y S
0 T T T T T
0 10 20 30 40 50
Z'/kQcm

Figure 3.2.3: Nyquist plot of impedance spectra at 25 °C of Lii+xYxZr2x(PO4)3 where 0 < x < 1 after
accounting for the sample dimensions. The equivalent circuit is also shown.

The resistance was obtained by fitting the impedance spectra using the given equivalent circuit in Figure
3.2.3. The total conductivity ot of the samples was calculated using Equation 14 and the values are listed
in Table 3.2.3. Initially, the yttrium substitution in Lii+YxZr2x(PO4)3 leads to an increase in ionic
conductivity. The total ionic conductivity at 25 °C increases from 5.4 x 107 S cm™ for LZP to 6.7 x 107
S cm™ for Li12Y02Zr1.8(PO4)s as the highest ionic conductivity in the Lii+xYxZr2x(PO4)3 series and
exhibits a higher ionic conductivity in comparison to the reported values for the same stoichiometry [12,
21], as listed in Table 1.2 and shown in Figure 3.2.4. The maximum value of ionic conductivity for
Li12Y0.2Zr1.3(PO4)3 is comparable to that of a similar material (x = 0.15) sintered by spark plasma sintering
(SPS), displaying a conductivity value of 7.1 x 10> S cm™!. The influence of the different sintering process
is discussed in section 3.4.

As x increases further (x > (.2), the ionic conductivity decreases continuously with a sharp decline at x =
1, which is attributed to the rhombohedral — orthorhombic phase transition and the increasing amount of
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YPO4 phase, which was also reported elsewhere [21]. However, at 25 °C, all yttrium-containing materials

show an ionic conductivity several times higher than that of LZP [10, 34, 40].

Table 3.2.3: Free sintering temperature and time, relative density, and ionic conductivity at 25 °C for

Li1+xYer2—x(PO4)3 (0 <x< 1)

X Material Sintering temperature (°C) | Relative density | ¢ 25oc (S cm™)
and dwell time (h) (%)
0 LiZ1>(POu)3 1300/ 3 88 54x10"
02 [ Li,Y,,Zr (POs); 1250/3 89 6.7x10"
04 |Li,Y,Zr (POs); 1250 /3 94 48x10°
0.6 Li, Y, Zr, (PO4); 1250 /3 94 39x10°
0.8 [ Li,Y,Zr (POs); 1100/3 91 27x10°
1 Li,YZr(POs); 980 /3 89 75x10"
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Figure 3.2.4: Variation of total conductivity of Lii+xYxZr2x(PO4)3 as a function of x. The crossed triangles
denote the samples densified by spark plasma sintering. The literature data are listed in Table 1.2. For the
ionic conductivity data of LiZr2(POa)s, see Figure 3.2.1.

3.3 Aluminum substitutions: Lii+xALZr:«x(PO4); (0<x<1)

Aluminum was substituted for zirconium in Lii+xAlxZr2x(POa4)3 from x = 0 to x = 1. According to the
shrinkage behavior of the Lii+xAlxZr2x(PO4)3 pellets (see Annex 2c and Figure 3.4.1a for the material
where x = 0.2) recorded with dilatometry, the pressed pellets were sintered at different temperatures
between T10% and T23% in steps of 10 °C in air. The optimal sintering temperatures leading to the highest
relative densities are listed in Tables 3.1.1 and 3.2.3. For the material where x = 1, the sintering
experiments were performed only from 900 °C to 950 °C; higher sintering temperatures resulted in
melting.
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Figure 3.3.1: XRD patterns of Lii+xAlxZr2-x(PO4)3 where 0 < x < 1 after sintering at optimum conditions
(Tables 3.1.1 and 3.3.3). The symbols * and e indicate Zr2O(PO4)2 and AIPOs, respectively. For the
reference patterns at the bottom, see Figure 3.1.1.

The XRD patterns of Lii+xAlxZr2x(PO4)3 are shown in Figure 3.9. For x > 0.2, all compositions were
identified as a phase mixture of rhombohedral and monoclinic symmetry. Impurity peaks can be observed
in materials where x > 0.4 and were attributed to trigonal AIPO4 with space group P3:2; (ICSD no. 33746)
[54]. The impurity peaks increase in intensity with increasing AI** substitution. This could be related to
the limited solubility and the low sintering temperatures, since the materials where x = 0.6, 0.8, and 1

have melting points of 1070 °C, 1032 °C, and 965 °C, respectively.

Table 3.3.1: Lattices parameters, unit cell volume, and space group of Lii+xAlxZr2.x(PO4)3 where 0.2 <

x<1.
. Space Content
X (s} 3
Material a(A) b (A) c(A) B V (A% aroup | (wt.%)
0.2 | Lij Al Zr, (PO4)s | 8.858(1) | 8.858(1) |22.140(1) | 90 1504.46 | R3c 98
04 | Li Al Zr (PO 8.841(2) | 8.841(2) |22.081(3) |90 1494.69 | R3c 82
A0 8.803(1) [8.929(3) |12.379(1) | 89.801 [973.01 | P2:i/n 15
0.6 | Li, Al Zr (PO 8.831(1) | 8.831(1) |22.072(2) |90 1490.71 | R3c 71
06T 8.804(2) |8.897(1) |12.419(2) | 89.974 |972.68 | P2i/n 25
08 | Li Al Zr (PO 8.831(2) | 8.831(2) |22.071(1) |90 1490.64 | R3c 60
: 8.810(1) | 8.872(2) | 12.391(2) [ 90.015 [ 968.51 | P2:i/n 35
|| LiAIZ«POy) 8.831(2) | 8.831(2) |22.070(1) |90 1490.57 | R3¢ 53
8.807(1) | 8.869(1) | 12.388(1) | 89.987 |967.62 | P2i/n 42

The unit cell volumes shown in Table 3.3.1 decrease with increasing x in Lii+xAlxZr2x(PO4)3 (0 <x < 1).

1>

Since the ionic radius of AI** is much smaller than that of Zr*', this trend is anticipated. While the
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rhombohedral lattice parameters almost remain constant where x > 0.6, indicating the solubility limit of
AI*" in the lattice, the monoclinic lattice parameters continue to decrease slightly. This result is in good
agreement with reported data [22]. For comparison, the rhombohedral lattice parameters and unit cell
volume were converted to monoclinic symmetry (space group P2i/n) for all Lii+xAlxZr2x(POa4)s

compositions. The data are summarized in Annex 5.
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Figure 3.3.2: Phase evolution of Lii2Alo2Zr1.8(POa4)3 after different sintering temperatures from 900 ° C
to 1250 °C. *: AIPOa.
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The XRD patterns of Lii2Alo2Zr1.8(PO4)3 from 900 °C to 1250 °C is shown in Figure 3.10 and clearly
show the presence of a mixture of phases with rhombohedral and monoclinic symmetry up to 1200 °C.
As the temperature increased, the intensity of the reflections of the rhombohedral phase increased
significantly, and at 1250 °C the rhombohedral phase stabilized. The lattice parameters obtained after
Rietveld refinement are listed in Table 3.3.2. Furthermore, trigonal AIPOs was detected as a secondary
phase from 900 °C to 1200 °C. This secondary phase formation was also reported by Amatucci et al. for
LizSc2xAlx(POa4)s3 [25].
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Table 3.3.2: Unit cell parameters and space group of Lii2Alo2Zr1.8(POa)s after sintering at different
temperatures.

Temperature | a (&) b (A) c(A) B vV (A% Space group
/°C

900 89473) | 8.947(3) | 22.140(1) | 90 153484 | R3c
8792(1) | 8.892(1) | 12.324(1) | 89.801 963.47 P2in

1000 8974(3) | 8.974(3) | 22.140(2) |90 154412 | R3c
8.791(1) | 8.888(1) | 12.328(1) | 89.801 963.24 P2/

1100 8.887(1) | 8.887(1) | 22.1402) | 90 151432 | R3c
8.801(1) | 8.886(2) | 12.338(1) | 89.801 964.90 P2in

1200 8.855(1) | 8.855(1) | 22.140(1) | 90 1503.44 | R3c
8817(2) | 8870(1) | 12.475(1) | 90.009 975.63 P2/

1250 8.858(1) | 8.858(1) | 22.140(1) | 90 150446 | R3c

The resistance was obtained by fitting the impedance spectra (Figure 3.3.3) using the given equivalent
circuit. The total conductivity ot of the samples is compiled in Table 3.3.3.

Figure 3.3.4 provides an overview of the evolution of total ionic conductivity at 25 °C for LAZP where 0
<x < 1. In addition, literature data of total ionic conductivity (at 30 °C) of different compositions between
x = 0 and x = 0.5 are included [22]. Electrical characterization of the series revealed a maximum
conductivity of 3.7 x 10° S cm! for the sample where x = 0.2. Further Al substitution resulted in a steady
decrease in ionic conductivity to 8.3 x 10"'' S cm™ for x = 1. At first sight, the evolution of ionic
conductivity is related to the phase purity of the samples: Lii+xAlxZr2x(PO4)3 where x = 0.2 is the only
material in the series crystallizing as a pure rhombohedral NaSICON phase, whereas the materials where
0.4 <x <1 clearly showed the presence of a mixture of rhombohedral and monoclinic phases (Figure
3.3.1). Indeed, the substitution of Al for Zr in LZP can stabilize the structure to rhombohedral NaSICON
at room temperature and increase the ionic conductivity until x = 0.2. Any further Al substitution resulted
in phase mixture and decreasing lattice parameters, which have an adverse influence on ionic
conductivity.

The results obtained in this study are slightly higher than the reported values [55] presented in Figure
3.3.4. The ionic conductivity of Lii2Alo2Zr18(PO4)3 is higher not only in comparison with the same
reported material but also with the material where x = 0.275, which gives a maximum total ionic

conductivity of 3.1x 10 S cm™! in [22].
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Figure 3.3.3: Nyquist plot of impedance spectra at 25 °C for Lii+xAlxZr2x(PO4)3 where 0 < x < 1 after
accounting for the sample dimensions. The equivalent circuit used for the fitting is shown in the inset.

Table 3.3.3: Sintering temperature and time, relative density, and ionic conductivity at 25 °C for
LitxAlZrx(PO4)3 (0 <x < 1).

X Material Sintering temperature (°C) | Relative density / | ¢ 25oc (S em™)
and dwell time (h) %

0 LiZr2(POs)s 1300/ 3 88 54x10"

02 | Li,Al,Zr (POa)s 1250/ 3 94 37 x10°

04 |[Li Al Zr (POs) 1100/3 92 9.5 x 10"

0.6 | Li, Al Zr (POs)s 1050/3 91 6.8 x 10~

0.8 | Li, (Al Zr (POs); 1010/3 90 52 x10°

1 Li,A1Zr(POx)3 950/3 87 83 x 10"

3.4 Optimizing the sintering conditions of Lii.2Mo.2Zr1.3(PO4); (M =S¢, Y,
Al)
3.4.1 Two-step sintering

The compositions where x = 0.2 in the Lii-xMxZr2xP3012 system (M = Al, Sc, Y) showed the highest
ionic conductivity for scandium, yttrium, and aluminum substitutions. Therefore, the three compounds
with the compositions Lii.2Sco.2Zr1.8(PO4)3, Li12Y0.2Zr1.8(POa)s, and Lii2Alo2Zr1.5(PO4)3 were selected to

optimize the sintering conditions, to improve the densification, and to increase the ionic conductivity.
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Figure 3.3.4: Variation of total conductivity of Lii+xAlxZr2x(PO4)3 as a function of x. The literature data
are listed in Table 1.2.2. For ionic conductivity data of LiZr2(PO4)3, see Figure 3.5.

As described above, the shrinkage behavior of the aforementioned compositions was recorded with
dilatometry to identify the optimal sintering temperature. The shrinkage was measured during constant
heating until a shrinkage of ~23 % was reached. The shrinkage curves of the three compounds are shown
in Figure 3.4.1 a. The pellet of Lii2Alo2Zr1.8(PO4)3 shows several shrinkage steps during the sintering
process up to 1100 °C, and no further shrinkage is observed up to 1400 °C. The sample of
Li12Sco.2Zr1.8(PO4)3 shrinks continuously starting from 650 °C, followed by higher shrinkage rates at 1350
°C and 1550 °C, and ending at 18% shrinkage. In the case of Li12Y0.2Zr1.8(PO4)3, a two-stage shrinkage
behavior is observed. The pellet shrinks sharply between 800 °C and 1200 °C with up to 18% shrinkage.
After a temperature interval without further shrinkage, a second shrinkage starts at about 1400 °C. To
reach the optimal sintering conditions for the three compositions, a series of sintering treatments was
carried out from 1000 °C to 1300 °C with 10 °C intervals for 3 hours in air (not shown here), for which
shrinkage was 7-12 % and 11-18 %, respectively. Whereas sintering at low temperature resulted in high
porosity and low conductivity, sintering at high temperature led to the formation of cracks and lithium
evaporation. Furthermore, optimizing the sintering conditions with two-step sintering slightly enhanced
the relative density of the sintered pellets of the three materials (Table 11). Such sintering processes have
already been used in the past for solid state electrolyte [56-58].

The resulting densities of the different heat treatments are shown in Figure 3.4.1b. Pellets of
Lii.2Sco.2Zr1.8(PO4)3 were first exposed to 1280 °C for a short time (0.25 h), followed by annealing at a

reduced temperature (980 °C) for a prolonged period of time (3 h). The relative density increased from
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82% at 1280 °C/3 h (one-step sintering) to 94% for the two-step sintering protocol (1280 °C/0.25 h and
then at 980 °C/3 h). In the case of Lii.2Yo02Zr1.8(PO4)3, the two-step sintering method also resulted in a
significant increase of relative density from 89 % at 1250 °C/3 h (one-step sintering) to 95% after 1250
°C/0.25 h and then at 980 °C/4 h (two-step sintering). The improvement of the relative density of
Lii2Alo2Zr1.8(PO4)3 was not as successful compared to the other two materials. Here, the relative density
increased from 94% at 1100 °C/3 h (one-step sintering) to 96% at 1100 °C/0.25 h and then at 980 °C/3 h

(two-step sintering).
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Figure 3.4.1: a) Free sintering curves of Li12Sco2Zr1s(PO4)3, Lii2Yo2Zr1s(PO4)s, and
Lii2Alo.2Zr1.8(PO4)3 samples up to 1600 °C. b) Relative densities obtained after sintering under different
sintering conditions. Filled symbols: one-step sintering; open symbols: two-step sintering.

The two-step sintering method resulted in reproducible relative densities of > 90 % for all three
compositions. This sintering procedure not only increased the density of the specimens, but also reduced

the loss of lithium oxide as the samples remained at a high temperature for only a short period of time.

3.4.2 FAST/SPS

The two-step sintering process was very helpful in optimizing the sintering conditions and improving the
densification process, but the dwell time is a parameter that needs to be improved further. Therefore, to
reduce the dwell time as well as the sintering temperatures, the three selected materials were sintered by
high-pressure FAST/SPS for 0.17 hours at temperatures of 1200 °C, 1150 °C, and 1050 °C for
Li12Sco02Zr1.8(PO4)3, Li12Y02Zr18(PO4)3, and Lii2Alo2Zr18(PO4)3, respectively. As a result, higher
relative densities were obtained compared to the one-step sintering procedure but not as high as in the

two-step sintering process. The relative densities of materials sintered by one-step sintering, two-step
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sintering, and FAST/SPS are listed in Table 3.3.3. The two-step sintering method presents a simple
alternative compared with FAST/SPS technology, which is a complex fabrication route and therefore
industrially less viable [59]. Table 3.3.3 also shows that the ionic conductivity was improved for the three

compositions due to the increased relative density.

Table 3.4.2: Comparison of relative densities and ionic conductivity for the Lii 2Mo.2Zr1.s(PO4)3
materials (M = Al, Sc, Y) using different sintering processes.

Material Sintering process Sintering temperature | Relative G 25°C
(°C) and dwell time (h) density (%) (S em™)
One- step-sintering 1280/3 85 2.7 % 1()'5
Li, ,Sc,,Zr, (PO4)s | Two-step sintering 1280/0.25+980/3 94 4.8 x 10‘5
FAST/SPS 1200/ 0.17 92 34x 10"
One- step-sintering 1250/3 89 6.7% 10"
Li, ,Y,Zr, ((POs)s Two-step sintering 1250/0.25+980/3 95 73%x10°
FAST/SPS 1150/0.17 94 70x10°
One- step-sintering 1250/3 94 3.7 x 1()‘6
Li, ,Alj,Zr, (PO4)s | Two-step sintering 1250/ 0.25+980/3 96 71x10°
FAST/SPS 1050/ 0.17 95 45%10°

Figure 3.4.2 shows SEM images of fracture surfaces of sintered pellets of Lii.2Mo.2Zr1.8(PO4)s where M
= Al, Sc, Y after sintering by one-step sintering, two-step sintering, and FAST/SPS. In terms of the
homogeneity of the materials, the SEM images show that the two-step sintering process gives the best
results of the three samples compared to the other two sintering processes. The two-step sintering process
resulted in low porosity and an almost crack-free microstructure without areas of partial melting. In
comparison, the one-step sintering process leads to crack formation in all samples due to stronger grain
growth, while FAST/SPS enhances the partial melting of materials where M = Sc, Y, although this is not
pronounced in the case of M = Al. The SEM analyses provided the following observations: a) Sintering
at high temperatures for a long time in the furnace using the one-step sintering resulted in the formation
of pores and micro-cracks, which can be related to the evaporation of Li2O and accelerated grain growth,
respectively. Weight loss related to the evaporation of Li2O was observed by DTA/TG measurements (not
shown here) in the range of 1250 °C to 1300°C. b) The formation of micro-cracks is minimized by the
two-step sintering because the sample remains at a high temperature for only a short period of time. c¢)
Partial melting after the FAST/SPS process, as observed predominantly in materials where M = Sc, Y,
can be associated with the high temperatures applied, while this phenomenon is far less visible for M =

Al because of the lower sintering temperature (Table 3.4.2). Therefore, a lower sintering temperature
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leads to compact materials and high densification, as shown in the SEM images for M = Al by two-step

sintering and FAST/SPS.
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Figure 3.4.2: SEM images showing the microstructure of Lii2Mo.2Zr1.8(PO4)s (M = Al, Sc, Y) after
sintering at different temperatures and dwell times (Table 3.3.3). The white arrows indicate the micro-
cracks and the black arrows show the areas with partial melting.

3.4.3 Discussion of the substitution-dependent chemistry

The evolution of the refined content of the rhombohedral, monoclinic, and orthorhombic NaSICON
phases and the unit cell volumes as a function of x in Lii+xMxZr2xP3012 (M = Al Sc, Y) is depicted in
Figure 3.5. For better comparison of the unit cell volumes among the different space groups, the
crystallographic data of rhombohedral and orthorhombic phases were converted to the monoclinic cell
volume.

The substitution of Zr*" with Sc** in Lii+ScxZr2«x(PO4)3 (0 < x < 2) stabilized the pure rhombohedral
phase at RT for the composition x = 0.2. Compositions where 0.4 <x < 1.4 have a mixture of phases with
rhombohedral and monoclinic symmetry. The rhombohedral phase content decreases while the
monoclinic modification increases with the substitution of Sc** until both phases have an equal content
at x = 1. In addition to these two phases, the orthorhombic phase appears in compositions where 1.6 < x

< 2 and increases with the Sc** substitution. The contents (in wt.%) of the different phases for this series
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of compositions are listed in Table 3.1.2 and presented in Figure 3.5a. The evolution of rhombohedral (0
< x £2), orthorhombic (1.6 < x <2), and monoclinic unit cell volumes (0.4 < x < 2) generally decreases
with increasing X in Lii+ScxZr2x(PO4)3. Since Sc** (0.745A) and Zr** (0.72A) have similar ionic radii
[60], the differences in the unit cell volume of the Lii+xScxZr2x(PO4)s series (Figure 3.5b) are mainly
caused by the difference in the Li* concentration in the formula unit. For the compositions x = 1.6, 1.8,
and 2, the difference between the monoclinic and orthorhombic phases is only a slight twist of the unit
cell. Since the monoclinic and orthorhombic phases are crystallographically very similar and have almost
the same unit cell volume as the rhombohedral phase at x = 1.8 and 2, the resulting compounds can be
considered to be a single phase with different short- and long-range distortions leading to multiple
diffraction peaks in the XRD patterns. These results are consistent with previous work [28]. More
crystallographic data can be found in Annex 3.

The substitution of Zr*" with Y3* in Lii+xYxZr2x(PO4)3 causes a decrease of the orthorhombic and
rhombohedral unit cell volumes (except for x = 0.6, Figure 3.5d). This trend cannot be caused by the
different radii of Y3* and Zr*" ions, as the ionic radius of Y>* (0.9 A) is significantly larger than that of
Zr* (0.72 A) [60]. Rhombohedral lattice parameters in [21] are in accordance with the measured values.
The previously mentioned substitution stabilized the pure rhombohedral phase at RT for the composition
x = 0.2, showing the highest ionic conductivity value in this series. The further substitution of Y first
leads to a mixture of rhombohedral and orthorhombic phases (x = 0.4) and then to a pronounced formation
of YPO4 (0.6 <x <2), resulting in lower ionic conductivity. From Figure 3.5c¢, it can be deduced that the
solubility limit of Y** is about x = 0.3. The decrease in ionic conductivity depends firstly on the
crystallographic results, i.e. the constricted orthorhombic unit cell volume of the materials where 0.4 < x
< 1.6, and secondly on the increasing impurity of the materials. The occurrence of both phenomena
indicates the extraction of Y and P from the NaSICON phase, leading to different NaSICON compositions
than expected. As an example, assuming the complete separation of Y from the NaSICON phase, the
Li2YZr(PO4)s compound splits into YPOs and Li2Zr(POa4)2. Rewriting the latter composition as
Li3Zr1.5(POa4)s, it can be assumed that NaSICON compositions such as Lizs[Zr1sLio.s](PO4)s are formed
in which Li" ions occupy Zr*' sites, indicated in Figure 1.1.3 as the region behind the orange area in the
x-y plane. This aberrant NaSICON formation also explains the decreasing unit cell volumes.
Substituting Zr*" with AP* in LitxAlZr2xP3012 (0 < x < 1) also stabilizes the rhombohedral NaSICON
structure at RT for the composition where x = 0.2 and decreases the unit cell volume with increasing A1**
content (Figure 3.5f), since the ionic radius of A1** (0.535 A in sixfold coordination) is much smaller than
that of Zr*" as anticipated [60]. However, the progressive substitution with AI** (x > 0.4) reduces the

rhombohedral unit cell volume, resulting in a NaSICON phase mixture with rhombohedral and
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monoclinic symmetry and leading to the formation of AIPOas. Substituting Zr* with AI** reduces the

rhombohedral content and increases the monoclinic one (Figure 3.5¢).
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Figure 3.5: a, c, e) Evolution of the weight fraction of the NaSICON polymorphs (and YPO4 in ¢); b, d,
f) monoclinic unit cell volume as a function of x in Lii+xMxZr2xP3012 where M = Sc, Y, and Al,
respectively. Converted lattice parameters and literature data are listed in Annex 3 (LSZP (0 < x <2)),
Annex 4 (LYZP (0.2 <x<1.6)), and Annex 5 (LAZP (0.2 <x < 1)).

Nuclear magnetic resonance investigations confirmed the presence of preferentially octahedral
coordinated aluminum (Alo) in Lii+xAlxTi2x(PO4)3, but with increasing x a significant proportion of Al
was also found on tetrahedral sites (Alt) [61, 62]. The presence of Alr can be attributed to the segregation
of the AIPO4 phase, which is in good agreement with the XRD results of this work (Figure 3.3.1), but
also to the limited substitution of P>* (0.17 A) with AI** (0.39 A in fourfold coordination) [60] in the

46



NaSICON structure, presumably leading to the progressive destabilization of the lattice and the strong

decline of ionic conductivity for compounds where x > 0.6 (Figure 3.3.4).
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IV Solid-state Li* ion conductors in the system Li,O-M,03-ZrO;-
SiO;-P,0s Partial polyanion substitutions in Liz+xSc2SixP3x012 (0
<x<0.6) and Li.2+xS¢0.2Zr18SixP3.xO12 (0.3 < x < 2.8)

4.1 Li3+xSCZSixP3-x012 (0 S X S 0.6)

Powders belonging to the Liz+xScaSixP3xO12 system with 0 < x < 0.6 were synthesized via solution-
assisted solid-state reaction (SA-SSR), as previously reported [51]. The ICP-OES results confirmed the
nominal stoichiometry of the six calcined NaSICON Liz+xSc2SixP3-xO12 powders with x = 0, 0.06, 0.15,
0.3, 0.4, and 0.6. The analytical values are very close to the targeted compositions after powder
preparation, i.e. the substitution of P>* with Si*" was successful with a high level of precision (Table
4.1.1). The obtained atomic ratios were normalized to two moles scandium per formula unit. With the
exception of Li3ScaP3012, the silicone and phosphorous contents deviate less than the experimental error
(3 %). The lithium content was slightly lower than anticipated, which might be due to the uptake of small

amounts of water in the Li2CO3 during storage.

Table 4.1.1: Composition of the Liz+xSc2SixP3-xO12 (0 < x < 0.6) NaSICON powders calcined at 600 °C
for 5 h determined by ICP-OES and normalized to two moles scandium per formula unit. The oxygen
content was calculated on the basis of the cation contents.

X Analytical stoichiometry
before sintering
0 Liz.08S¢2P2.9011.74
0.06 Li3.04S¢2Si0.08P2.96012.08
0.15 Li3.14S¢2Si0.18P2.83012.01
0.3

Li3.26S¢2S10.33P2.72012.00

0.4 Li3_37SCZSi0_38P2.62012
0.6

Li3.57S¢2Si0.50P2.41011.90

DTA/TG measurements were carried out up to 1600 °C to analyze the formation and stability of the
crystalline phase, to quantify mass losses, and to identify the melting points. Materials of the studied
series Liz+xSc2SixP3x012 (0 < x < 0.6) have almost the same thermal behavior except for the material with
x = 0.6. The TG curves show three successive mass losses accompanied by endothermic signals. As
shown in Figures 4.1.1a and 4.1.1b, the first mass loss Ami =~ 0.9 % was observed in the temperature

range from 25 °C to 250 °C and is mainly associated with physisorbed water, whereas the second mass
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loss Amz = 2 % occurred up to 560 °C in two steps accompanied by an endothermic signal peaking around
330 °C, which has been attributed to the release of crystal water from the materials. Furthermore, the third
loss Am3 ~ 2.6 % appeared in the temperature range from 1300 °C to 1600 °C and is ascribed to the
evaporation of lithium oxide from the material [S7]. The evaporation of lithium oxide is pronounced when
the materials are fully molten. The broad exothermic signal between 400 °C and 600 °C, which is not
accompanied by mass loss, is interpreted as the phase formation and crystallization region of the materials.
Very sharp exothermic signals were detected at around 1400 °C, which are ascribed to the melting point
of the materials with 0 <x < 0.4, whereas the sample with x = 0.6 showed a partial melting point at 1100
°C followed by complete melting at 1170 °C. Weak signals at these two temperatures were also observed
for x = 0.3 and x = 0.4. In fact, the increased silicate substitution in the Liz+xSc2SixP3xO12 series leads to
a decrease of the melting temperature. This result is in agreement with previous observations [48].

Dilatometry was used to determine the optimal sintering temperature of the materials. In order to obtain
full density for a typical pellet with a green density of 50 %, a theoretical final value of 20.6 % shrinkage
is necessary. Larger shrinkage values obtained in dilatometer measurements indicate a (partial) melting
of the material or a continuous plastic deformation of the sample induced by the low pressure of the push-
rod [58]. The shrinkage behavior of the pellets of the Liz+xSc2SixP3-xO12 series with x =0, 0.06, 0.15, 0.3,
0.4, and 0.6 was recorded during constant heating (300 K/h) until a shrinkage of around 23 % was reached
(Figure 4.1.1c). The shrinkage behavior of the samples strongly varies with increasing silicate content
(Figure 4.1.1c). The samples with x = 0 and x = 0.06 show rather sluggish shrinkage at temperatures up
to 1300 °C and a steep slope at about 1370 °C indicating their melting. Materials with 0.15 <x < 0.4
exhibit shrinkage up to ~15 % at 1050 °C followed by expansion until 1250 °C, 1320 °C, and 1340 °C

for compositions with x = 0.15, 0.3, and 0.4, respectively.

To achieve the optimum sintering conditions for each composition, the pressed pellets were sintered in
air at different temperatures. The highest temperature was initially determined from the dilatometry
measurements and optimized by lowering it by 50 °C in the subsequent tests. The sintering experiments
in the furnace were carried out between 900 °C and 1400 °C for materials with x = 0 and x = 0.06, between
900 °C and 1350 °C for materials with x = (.15, 0.3, and 0.4, and only from 900 °C to 1200 °C for the
material with x = 0.6, since the pellets already melted at about 1220 °C. After several sintering tests in
the same oven and under the same conditions (3 h, 300 K/h cooling and heating), the optimal sintering
temperatures that yielded the highest relative densities were determined and are listed in Table 4.1.2. No
significant shrinkage was observed below the given temperatures, while some micro-cracks were

observed above them for compositions with x = 0, 0.06, and 0.6.
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Figure 4.1.1: Thermal and dilatometry investigations of the Liz+xSc2SixP3.xO12 series (0 < x < 0.6): a)
DTA results, b) TG results, ¢) sintering curves of samples with a constant heating rate up to 1600 °C, d)
relative densities obtained after sintering (3 h) at different sintering temperatures.

The sintering experiments in the furnace revealed a systematic decrease in density with increasing
sintering temperature for compositions with x =0.15, 0.3, and 0.4. The reason for this trend is the volume
expansion, which was already recorded by dilatometry in connection with deformations and the partial
melting of the pellets. The relative densities obtained at different sintering temperatures from 900 °C to
1400 °C are shown in Figure 4.1.1d.

In an attempt to further increase the relative density of the sintered pellets, an optimized two-step sintering
procedure was applied [59]. The pellets were first subjected to the optimum sintering temperatures
determined above (Table 4.1.2) for a short period of time (0.25 h) and then annealed at a reduced

temperature for a longer period of time (4 h). The sintering conditions were systematically optimized by
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varying the second temperature in the range of 700 °C to 1000 °C for materials with x = 0 and x = 0.06
with 50 °C steps and in the range of 700 °C to 900 °C with 50 °C steps for materials with x = (.15, 0.3,
0.4, and 0.6. The relative density of the pellets was thus increased for all compositions (Table 4.1.2).

It should be noted that the NaSICON solid electrolyte is highly susceptible to Li2O loss during
conventional sintering, which typically requires higher temperatures of about 1200 °C and a longer dwell
time of several hours [34]. The lower sintering temperature and shorter dwell time are expected to
minimize the Li2O evaporation, resulting in higher conductivity [60]. In contrast, higher sintering
temperatures typically lead to a higher relative density, which also has a positive effect on ionic
conductivity. The combination of these two approaches is the key to manufacturing solid electrolytes with

high ionic conductivity [61]

Table 4.1.2: Melting points determined by DTA measurements, sintering parameters for the one-step
sintering and two-step sintering (Ts = sintering temperature, ts = dwell time), and the resulting densities
of Liz+xSc2SixP3xO12 (0 < x < 0.6) compounds.

Composition Melting One-step sintering Two-step sintering
temperature | T/ °C, t, Relative T /°C,ta | T2/ °C, Relative
/°C /h density / /h t2 / h) density /
% %
Li3ScoP3012 1410 1250, 3 89 1250, 0.25 | 800, 4 96
Li; ,S¢,Si 0P, 6,04, 1410 1250, 3 90 1250,0.25 | 800, 4 94
Li, Sc,Si; 5P, 40, 1390 1000, 3 88 1000, 0.25 | 800, 4 93
Li,,Sc,Si ,P,.0,, 1100, 1390 1000, 3 78 1000, 0.25 | 800, 4 85
Li, Sc,Si P, O, 1100, 1380 1100, 3 68 1100, 0.25 | 800, 4 82
Li, Sc,Si; P, ,0,, 1100, 1170 1150, 3 90 1150,0.25 | 800, 4 96

In order to evaluate the possible Li2O loss after one-step and two-step sintering, the pellets were analyzed
by ICP-OES. As can be seen in Figure 4.1.2 the lithium content is lower than anticipated in all cases.
However, Li2O loss can be limited by performing a two-step sintering procedure and the reduction of

Li20 loss is clearly seen in Figure 4.1.2.

During the two-step sintering procedure, the materials were annealed with shorter times compared to the
conventional sintering process used by Peng et al. [48], in which the pressed pellets of the materials were
sintered for 6 h. The lower temperature and shorter times likely result in less Li2O loss, which, in turn,
should result in higher grain boundary conductivity, as suggested by Ban et al. [62]. Therefore, the use of
a two-step sintering procedure not only reduces the energy input and increases the relative density of the
pellets, but also minimizes the loss of Li2O due to the short dwell time at a high temperature [58, 59].

This heat treatment sequence was thus applied to sinter all samples for further investigations.
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Figure 4.1.2: Variation of lithium content obtained from ICP-OES in the Liz+xSc2SixP3-xO12 series
(0 £ x £0.6) before sintering, after one-step sintering, and after two-step sintering. The results
were normalized to 2 mole scandium per formula unit. The pellets were sintered at the temperatures
listed in Table 4.1.2.

XRD patterns (Figure 4.1.4) of the studied materials Li3+xSc2SixP3xO12 (0 <x < 0.6) recorded after
two-step sintering (Table 4.1.2) exhibit reflections of the orthorhombic structure (space group
Pbcn, ICSD No. 83913) [29] and/or reflections of the monoclinic structure (space group P2.i/n,
ICSD No. 91112) [53], since both phases are almost identical and resemble each other in their
reflection patterns, as shown in Figure 4.1.3. However, since the two small reflections at 20 = 17.7°
and 34° could hardly be detected in all XRD patterns, the lattice parameters (see Figure 4.1.5) were

determined with the monoclinic symmetry in accordance with [30].

Moreover, a small amount of secondary phase such as orthorhombic LizPO4 (ICSD No. 50058)
(space group Pmnb) [63] in the compositions x = 0.4 and x = 0.6 were found as mentioned in [38,
64]. Cubic Sc(PO3)3 (ICSD No. 1719) (space group 143d) was also detected as an impurity in the
material with x = 0.6 [65]. For the unsubstituted LSP, a very small amount of rhombohedral P20s

(ICSD No. 16610) [66] remained unreacted during the synthesis, as also reported in previous work
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[31, 55], and unreacted monoclinic Sc203 (space group C2/m; ICSD no. 160218) [67] was also
detected. However, for the same Liz+xScaSixP3xOi2 series, it was previously detected that

“Li3.2Sc2(PO4)3” is the main phase for all samples with small amounts of an unidentified impurity

phase [48].

a) — P2,/n LSZP, [ICSD: 83912]
— P2/ LZP [ICSD:91112]
" — P2,/ LSP [ICSD: 86457]
= — P2/nLSP [ICSD:62301]
c
=
0
— 4 ; !
m A 4 4 A ! la hy | 4 ..._.,_u . o | ol i Wi oo AN
~ b —— Pben LSZP, [ICSD: 83913]
N
= Pbna LZP [ICSD: 91113]
g —— Pbecn LSP [ICSD: 50421]
Q —— Pben LSZP, [ICSD: 50423]
g —— Pcan LSP [ICSD: 62300]
10 20 30 40 50 60

20/°

Figure 4.1.3: XRD patterns for reported NaSICON materials with a) monoclinic symmetry (space
group P21/n): Li2.96(Sc1.96Zr0.04)(PO4)3 (LSZP1) [ICSD N°: 83912][29], LiZr2(POa4)s (LZP) [ ICSD
N°:91112] [53], LizSc2(PO4)3 (LSP) [ICSD N°: 86457] [54], and LSP [ICSD N°: 62301] [40], and
b) orthorhombic symmetry (space groups Pbcn, Pbna, or Pcan): Li2s(Sc1.8Zr0.2)(PO4)3 (LSZP2)
[ICSD N°: 83913] [29], LSP [ICSD N°: 50421] [30], LSZP2 [ICSD N°: 50423] [30], LZP [ICSD
N°: 91113] [53], and LSP [ICSD N°: 62300] [55]

The materials in the Liz+Sc2SixP3xO12 series demonstrate a non-linear dependence of monoclinic
lattice parameters and the unit cell volume on the silicate substitution. The unit cell volume
increases slightly up to x = 0.06, remains nearly constant up to x = 0.3, and increases for higher x
values. The lattice parameter a increases slightly up to x = 0.3, decreases at x = 0.4, and increases
again at x = 0.6, but b remains constant (Figure 4.1.5, the crystallographic data refined with
orthorhombic and monoclinic symmetry are listed in Annex 7 and 8, respectively). The B angle is

in the range of 89.8° < § <90.2°, thus indicating the close proximity to the orthorhombic setting.
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The variation of the monoclinic lattice parameters during the progressive anionic substitution of
(PO4)* by (SiO4)* is not primarily due to the different ionic radii of Si*" (0.26 A) and P** (0.17 A)
in the tetrahedral coordination [68], as this does not necessarily lead to a small volume increase of
the tetrahedra. The electrostatic redistribution of charges and the additional uptake of Li" ions are

more important factors here.

. x=0.6

. o .
ofle x=0.4
x=0.3

Intensity / arb.units

10 20 30 40 50 60
20/°

Figure 4.1.4: XRD patterns of Liz+xSc2SixP3xO12 (0 < x < 0.6) after two-step sintering (see Table
4.1.2). o: Sc(PO3)3, +: P20s, ®: LizPO4, * : Sc20s3.
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Figure 4.1.5: Variation of monoclinic lattice parameters and unit cell volume of the Liz+Sc2SixP3-
xO12 series (0 < x <0.6).

The ionic conductivity of the six compositions studied was determined from impedance spectra
measured at 25 °C. The Nyquist plot of the impedance spectra is shown in Figure 4.1.6 a, and the
equivalent circuit used is also shown. For all samples, only one semicircle emanating from the
origin at high frequencies and a straight line at low frequencies corresponding to the electrode
polarization were observed.

The radius of the semicircle decreases with increasing silicate substitution in Liz+xSc2SixP3-xO12 up
to x = 0.15 and subsequently increases again. Phenomenologically, the sample with x = 0.15 thus

shows the highest ionic conductivity along the series.
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The total conductivity of the samples was calculated with Equation 14. The total ionic conductivity
values at 25 °C as a function of composition are listed in Table 4.1.3, and the evolution of the total
ionic conductivity is shown in Figure 4.1.6b. The total ionic conductivity initially increases with
increasing x, and the maximum value of 1.2 x 103 S cm™! was obtained with Li3.15Sc2Si0.15P2.85012.
The observed increase in total conductivity can be mainly attributed to the substitution of silicate
in Liz+xSc2SixP3xO12 and the additional Li* ions needed for charge balance. Consequently, more

lithium ions led to a significant improvement in ionic conductivity.

Table 4.1.3: Resulting densities of ceramics densified in two sintering steps, ionic conductivity
at 25 °C and activation energy for LizSc2SixP3x012 (0 <x <0.6)

X Relative density / % Gasoc /'S em! Activation energy / eV
0 96 02x10" 0.21
0.06 |94 0.46 x 10'5 0.24
0.15 93 1.20 x 10'5 0.19
0.3 85 0.95 x 10" 0.20
04 |823 0.76 x 10" 0.21
0.6 |96 0.41%10" 0.24

The subsequent decrease in ionic conductivity can be attributed to two reasons. On the one hand,
further increasing the lithium and silicate content seems to destabilize the NaSICON structure and
generate an increasing amount of LisPOu4, especially for the composition with x = 0.6. On the other
hand, the highest ionic conductivity value can also be attributed to the densification process and
the quality of the ceramic material. Even when the lithium content is increased, the compositions
with x = 0.3 and x = 0.4 exhibit poor ionic conductivity due to their low relative density. It is
known that samples with a density below 90 % can easily lose up to 90 % of their ionic conductivity
[46]. Therefore, the potential conductivity of Li3.3Sc2Si0.3P2.7012 and Liz4Sc2Sio4P2.6012 may be
about one order of magnitude higher than was measured. The results are very similar to those of
Peng et al. [48]. The ionic conductivity of LSP is lower compared to some of the reported values
in the literature [29, 30, 32, 48, 56, 69-71]. The activation energy Ea of the ionic conductivity of
all compounds was obtained from impedance measurements at different temperatures and using

the Arrhenius law (Equation 16). The activation energy values were calculated from the slope of
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Figure 4.1.6: a) Nyquist plot of impedance spectra at 25 °C after accounting for the sample
dimensions. The equivalent circuit for data fitting is also shown. b) Total ionic conductivity at
25 °C depending on the silicate content in Liz+xSc2SixP3xO12 (0 < x < 0.6). ¢) Arrhenius plot of
ot of Liz+xSc2SixP3x012 (0 < x < 0.6) measured in the temperature range of -40 °C to 100 °C.
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In o(T versus inverse temperature in the temperature range of -40 °C to 100 °C as shown in Figure
4.1.6¢. The calculated values of Ea after linear fitting are summarized in Table 4.1.3. The activation
energy of Liz«ScaSixP3xO12 specimens varies between 0.19 eV and 0.24 eV without any clear
trend. These values are comparable with literature data of other NaSICON-type materials [e.g. 12,

18,20,49].

Overall, optimizing the sintering conditions resulted in increased ionic conductivity along the
Liz+xSc2SixP3xO12 series compared to the data reported by Peng et al [48]. Nevertheless, the

obtained ionic conductivities are still too low for battery applications.
4.2 Li1.2+xS¢0.2Zr1.8SixP3x012 (0 £ x < 2.8)

The powders belonging to the Lii.2«Sco2Zr1.8SixP3xO12 system (0 < x <2.8) were also synthesized
by SA-SSR. The ICP-OES results are summarized in Table 4.2.1. The obtained atomic ratios were
normalized to 1.8 moles zirconium per formula unit. The final compositions of the calcined solid
electrolyte powders are close to the nominal stoichiometry.

The coupled thermogravimetric DTA/TG study shows that the six Si-containing materials, chosen
from the Lii2+xSco.2Zr1 8SixP3xO12 (0.3 < x < 2.8) system, clearly have the same thermal behavior
except for the material with the lowest silicate content (x = 0.3), as shown in Figures 4.2.1a and

4.2.1b. The TG curves show four temperature regions with mass losses.

Table 4.2.1: Composition of Lii2«Sco2Zr1.8SixP3xO12 powders with 0 < x < 2.8 calcined at 600
°C determined by ICP-OES and normalized to 1.8 moles zirconium per formula unit. The oxygen
content was calculated on the basis of the cation contents.

X Analytical stoichiometry before sintering
0 Li121S¢0.21Zr1 5P3.02011.99

0.3 Lii 53S¢021Zr1 8Si031P2.70012.01

0.8 Li2.02S¢020Zr1 §Si0.75P2.0s012

1.3 Liz.60Sco.19Zr1 8S11.27P171011 98

1.8 Liz.05Sco.19Zr1 8S11.78P131012.02

23 Li3 50S¢021Zr1 8S12.28P0.75011.99

2.8 Lis11Sco21Zr1 8S12.82P0.22012.01
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The first weight loss occurs below 200 °C and is attributed to the release of moisture. The second
weight loss starts at about 300 °C and can be attributed to the evaporation of crystal water and the
emission of carbon dioxide. In the DTA curves, this weight loss is accompanied by the presence
of an endothermic broad signal centered at 350 °C. This endothermic signal was detected for all
compositions except for x = 1.8 and x =2.3. The third weight loss between 800 °C and 950 °C only
affects the powders with x =2.3 and x = 2.8 and is associated with an endothermic signal at about
950 °C and 980 °C, respectively. This endothermic peak is very likely a partial melting of these
two samples and the reason for the first strong shrinkage in the dilatometry curves (Figure 4.2.1c).
The fourth weight loss appears in the temperature range from 1300 °C to 1400 °C, which has been
attributed to the evaporation of Li2O. The exothermic peaks observed at 1050 °C and at 1150 °C
in the DTA curves, which are not accompanied by mass losses, probably correspond to the
decomposition of the compounds. The melting point of the materials with x = 0.3 and x = 0.8 could
not be clearly detected. Only the materials with x =2.3 and x = 2.8 show three exothermic peaks,
indicating a complex decomposition behavior between 950 °C and 1200 °C.

The sintering behavior of the calcined powders was examined by dilatometry. The pellets shrink
up to ~ 23 % between 1030 °C and 1220 °C. The sintering behavior is almost identical for all
materials. With the exception of the samples with higher silicate content (x = 1.8, 2.3, and 2.8),
which, as mentioned above, exhibit multiple-step shrinkage behavior, the other pellets show the
onset of sintering between 850 °C (x = 0.3) and 950 °C (x = 0.8, 1.3) and the maximum shrinkage
rate at about 1050 °C.

The pressed pellets were sintered at different temperatures to adjust the optimal sintering
temperature for each composition. The sintering experiments in the furnace were carried out
between Tio% and T20%, corresponding to 10 % and 20 % shrinkage in the dilatometry curves, in
increments of 20 °C for 3 h in air. The resulting optimum sintering temperatures in relation to the
densification of the materials are shown in Figure 4.2.1d. The relative density increases gradually
with increasing sintering temperature up to 1200 °C, and the highest densities of 89 % and 91 %
were obtained for compositions with x = 0.3 and x = 0.8, respectively. The composition with x =

1.3 exhibited the highest relative density of 90 % at 1060 °C and melted at 1070 °C.
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Figure 4.2.1: Thermal and dilatometry investigations of the Lii2+xSco.2Zr1.8SixP3xO12 series (0.3
< x <2.8): a) DTA results, b) TG results, c) sintering curves with a constant heating rate up to
1400 °C, and d) relative densities obtained at different sintering temperatures after one-step

sintering.

Table 4.2.2: Melting points determined by DTA measurements, one-step sintering and two-step
sintering parameters, and resulting densities of Lii2«Sco2Zr1sSixP3xO12 (0.3 < x < 2.8)
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compounds. For comparison, the values for Lii 2Sco2Zr1.sP3012 are included (see [50]).

Composition Melting One-step sintering Two-step sintering
temperature/ | T,/ °C, t;/h | Relative Ta (°C, Ts2 (°C, | Ts /
°C density / | ta/h) ts2/h) °C, fts

% /h

Li, ,Sc,,Zr, [P3On 1520 1280, 3 85 1280,0.25 | 980, 3 94

Li15Sco2Zr1 §Si03P27012 | 1380 1200, 3 89 1200, 0.25 | 800, 4 93

Li>Sco2Zr1 8Si0.8P22012 1290 1200, 3 91 1200, 0.25 | 800, 4 94

Li>5Sco2Zr185115P1 7012 | 1070 1060, 3 90 1060, 0.25 | 800, 4 91
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Li3SCo_2Zr1_gSi1_8P1,2012 1140 1 120, 3 93 1 ]20, 0.25 800, 4 94
Li35Sco2Zr1 §S123P0.7012 | 1060, 1160 1050, 3 94 1050, 0.25 | 800, 4 96
Li4SCo,zzI‘1,ssiz,gpo,zon 1040, 1150 1040, 3 94 1040, 0.25 800, 4 95

Almost identical behavior was observed for the composition with x = 1.8, which exhibited the
highest relative density of 93 % at 1120 °C and melted at 1140 °C. Materials with high silicate
content (x = 2.3 and x = 2.8) showed the highest relative density of 94 % at 1050 °C and 1040 °C,
respectively, and melted at around 1060 °C. As an overall result, sintering of the pellets in the
furnace at T20% showed a high relative density for all compositions. Two-step sintering was also
carried out with this set of compositions to improve the quality of the ceramics. The relative
densities are summarized in Table 4.2.2. Increasing the partial anion substitution of silicate for
phosphate in Lii.2+Sco2Zr1.8SixP3xO12 lowered the sintering temperature from 1280 °C and 1200
°C (x =0, see [50], and x = 0.3, respectively) to 1040 °C with x =2.8.

After sintering at temperatures associated with 20 % shrinkage, the lithium content was slightly
lower than the desired compositions (Figure 4.2.2) due to weight losses during sintering.
Nevertheless, this result is very promising with respect to the loss of Li20, since the evaporation
of Li2O was much higher for the Liz«~Sc2SixP3xO12 series (Figure 4.1.2). The substitution of
phosphate with silicate in the Lii2w«Sco2Zr1.8SixP3xO12 series lowered the sintering temperatures

while reducing the evaporation of lithium species.

These results are in good agreement with the weight losses above 1200 °C in the DTA curves of
both series, which were attributed to the evaporation of lithium oxide from the materials in the
temperature range from 1300 °C to 1600 °C. The weight loss in the Liz+xSc2SixP3xO12 series was
Am3 = 2.58 %, but only ~ 1.53 % in the Lii2Sco2Zr1sSixP3xO12 series. Ams was calculated

according to equation 20 in the temperature interval mentioned above.

Am;

Am3= 2

Equation 20

with Ams = mean value of the third mass loss of all compounds 7, which is attributed to the
evaporation of Li2O from the materials, n = number of compounds.
The results show that Li2O vaporization was affected by the sintering process and the presence of

zirconium in the composition.
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Figure 4.2.2: Variation of lithium content obtained from ICP-OES in the Lii.2+xSco.2Zr1.8SixP3.xO12
series with (0.3 < x < 2.8) before and after sintering. The results were normalized to 1.8 moles
zirconium per formula unit. The pellets were sintered at temperatures listed in Table 4.2.2.

The XRD patterns of the materials Lii2~«Sco2Zr1.8SixP3xO12 with 0.3 < x < 2.8 after sintering at
temperatures listed in Table 4.2.2 are shown in Figure 4.2.3. The patterns of the materials with 0.3
< x < 1.8 were refined with monoclinic NaSICON symmetry (P2:/n) [29] and with orthorhombic
symmetry (Pbcn) [53] (see also Annexes 9 and 10), since both phases are similar in their reflection
patterns, as shown in Figure 4.1.3. The results are in good agreement with the reported data for the
composition LizSc2(PO4)3 [70]. The compositions with x = 2.3 only crystallized with monoclinic
symmetry with (P2:/n). The XRD patterns of the material with x = 2.8 exhibited complete
decomposition.

The materials with x = 2.3 and x = 2.8 clearly show the presence of several secondary phases such
as orthorhombic Li3sPO4 with space group Pmnb (ICSD No. 50058), monoclinic ZrO2 (P2:/c; ICSD
No. 60900) [72], and orthorhombic Li2SiO3 (Ccm2:; ICSD No. 853) [73]. In addition, tetragonal
ZrSi04 (I41/amd; 1CSD No. 100243) [74] was also observed as an impurity phase in different
amounts — not only for the decomposed materials (x = 2.3 and x = 2.8), but also for the

compositions with 0.3 <x < 1.8.
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Figure 4.2.3: XRD patterns of Lii2+Sco.2Zr18SixP3xO12 with (0.3 < x < 2.8) after sintering at
temperatures referring to the optimum densification: 1200 °C (x = 0.3, 0.8), 1060 °C (x = 1.3),
1120 °C (x=1.8), 1050 °C (x =2.3), 1040 °C (x =2.8). +: ZrOz2, ®: Li3PO4, 0: Li2SiO3, %: ZrSiOa.

Using Rietveld refinements, the ZrSiO4 content in materials with x =0.3, 0.8, 1.3, 1.8, 2.3, and 2.8
was estimated to be 5, 11, 12, 14, 16, and 13 wt.%, respectively (Table 4.2.3). From these values
and the appearance of ZrSiO4 over a wide range, it is clear that only a smaller fraction of the silicate
substitution is incorporated in the NaSICON structure than expected. The molar amount of silicate
in both phases can be calculated from the densities of Li1.2Sco.2Zr1.8P3012 (3.09 g cm™ [50]) and
ZrSiO4 (4.56 g cm™ [73]) and the molar masses (Table 4.2.3). The silicate content in the NaSICON
phase is always lower than the nominal value, and from the derived trend it can be deduced that
coexistence with ZrSiOs starts at x < 0.2. These results indicate a continuous destabilization of the
NaSICON materials along the series until decomposition occurs, which was detected at 960 °C
and 980 °C in the DTA curves of the materials with x =2.3 and x = 2.8, respectively, together with
the various phases recorded by XRD.
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Table 4.2.3: Fractions of NaSICON polymorphs and impurities in the Lii 2+xSco2Zr1.8SixP3xO12
series (in wt.%) as well as the molar distribution of silicate between ZrSiO4 and the NaSICON
phase.

X Monoclinic / | Ortho- ZxrSi04/ | ZrO, LizPO4/ | Li;SiOs | ZrSiO4/ | Silicate in

wt.% rhombic/ | wt.% Iwt.% | wt.% / wt.% mol NaSICON
wt.% / mol

0.3 40 55 5 0 0 0 0.12 0.18

0.8 42 47 11 0 0 0 0.24 0.56

1.3 48 40 12 0 0 0 0.26 1.04

1.8 55 31 14 0 0 0 0.29 1.51

23 68 0 16 8 6 2 - -

2.8 Decomposition

Figure 4.2.4 shows the variation of the refined cell parameters and cell volume of the
Lii2xSco2Zr1.8SixP3xO12 (0.3 < x < 1.8) series. The cell parameters were refined based on
orthorhombic and monoclinic symmetry for the NaSICON phases. The converted monoclinic

values of Li1.2Sco2Zr1.8P3012 (see [50]) are given for comparison.

In the orthorhombic system, a slight enlargement of the lattice is observed in the a, b, and ¢
directions until x = 0.8, at which point the lattice shrinks again in all three directions. In the
monoclinic system, the lattice parameters a and c are the first to show shrinkage, while the lattice
parameter b remains almost constant. The cell volume decreases in both modifications, but
decreases first in the monoclinic lattice from x = 0 to x = 0.2. The subsequent region of almost
constant volume shows that the solubility limit for the silicate substitution is already reached at x
= 0.2 and likely even earlier, since a small amount of ZrSiO4 has already been formed. The
following volume decrease of the orthorhombic lattice between x = 0.3 and x = 1.8 can be

interpreted as the first stage of destabilization of the NaSICON lattice.
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Figure 4.2.4: Variation of orthorhombic (filled symbols) and monoclinic (open symbols) lattice
parameters and unit cell volume in the Lii2+xSco0.2Zr1.8SixP3-xO12 series (0 < x < 1.8).

Impedance spectra were measured at 25 °C, and the Nyquist plots of Li1.2+Sco.2Zr1 8SixP3xO12 with
0.3 <x < 1.8 are shown in Figure 4.2.5. The fitted curves using the given equivalent circuit are
also shown. For all samples, only one semicircle was observed at high frequencies, starting at the
origin. The radius of the semicircle increases with increasing silicate substitution. The material
Li1.5Sco.2Zr1.8S10.3P2.7012 with the lowest silicate content (x = 0.3) thus shows the smallest Rt along
the series. The total conductivity of the samples was calculated using Equation 14 and the values

are listed in Table 4.2.4.
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Figure 4.2.5: a) Nyquist plot of impedance spectra at 25 °C of Li1.2+xSco0.2Zr1.8SixP3xO12 (0.3 < x
< 1.8) after taking the sample dimensions into account. The equivalent circuit is also shown. b)
Arrhenius plot of 6t of Lii.2+xSco.2Zr1 8SixP3x012 (0.3 < x < 1.8) measured in the temperature range
of -40 °C to 100 °C.

The highest ionic conductivity (9.2 x 107 s cml) is achieved for the material
Li15Sco2Zr18Sio3P27012 with the lowest silicate content, and any further increase in silicate
content leads to a sharp decrease in ionic conductivity. In contrast, the silicate-free material
Li12Sco0.2Zr18P3012 has a higher conductivity than Lii.sSco2Zr1.8Si03P2.7012 (Table 4.2.3), showing
that substitution with (SiO4)* is not beneficial throughout the series. These results are consistent
with the XRD studies. The excess of non-substituting silicate forms a large amount of ZrSiOa, as
is clear from the XRD patterns in Figure 4.2.3, starting with the material Li1.sSco2Zr1.8Si03P2.7012,
which only has two peaks assigned to ZrSiO4. The increasing amounts of precipitates of LisPOs,
Zr0O2, Li2Si03, and ZrSiOs have a significantly negative influence on ionic conductivity.

Table 4.2.4: Tonic conductivity at 25 °C and activation energy for Lii.2«Sco2Zr1.8SixP3xO12 (0.3
<x < 1.8). For comparison, the c2sec value of Lii2Sco2Zr1.sP3012 is included (see [50]).

. o o
X Relative density / % cac /S em! Activation energy / eV
0 94 48%10° -

0.3 93 9.2 %107 0.26

0.8 94 45% 10" 0.27

1.3 91 9.4x10" 0.13

67



1.8 94 82 x 10'9 0.11

Among the materials of the Liz+xSc2SixP3.xO12 series (0 < x < 0.6), Li; ,5Sc,Si, 5P, ¢O,, shows the

highest ionic conductivity (1.2 x 10 S cm!) at 25 °C with a relative density of 93 % after sintering
in two steps at 1000 °C and 800 °C for 0.25 h and 4 h, respectively. The analogous series with
sodium-based NaSICON materials, i.e. Na3+xSc2SixP3xO12 with 0 < x < 0.8 [75, 76], was
investigated earlier and showed increasing conductivity before reaching a maximum at x = 0.4,
after which point there was an unfavorable ratio of the amount of charge carriers to vacancies. The
Na3z4ScaSioaP26012 material crystallized with the rhombohedral structure, and an ionic
conductivity of 6.9 x 10* S cm™! at 25 °C was reported with a relative density of 92 %.

The material with x = 0 in the Lii2«Sco2Zr1.8SixP3xO12 series (0 < x < 2.8) showed the highest
ionic conductivity (4.8 x 107) at 25 °C with a relative density of 94 %. An almost identical series
of sodium-based NaSICON materials with the formula Na3z+xScxZr2xSi2PO12 (0 < x < 0.6) was
reported by Ma et al. [51]. An optimum total ionic conductivity of 4.0 x 10 S cm™" at 25 °C was
achieved with Na34Sco4Zr1.6Si2PO12; a relative density of 95 % was obtained by free sintering at
1260 °C for 5 h. The XRD patterns of this compound show the presence of a mixture with 55 and
45 % of monoclinic and rhombohedral symmetry, respectively.

The comparison of lithium-based NaSICON materials with sodium-based analogues shows that
the highest values of ionic conductivity can be obtained with the sodium-based NaSICON
materials [51, 75,76], and we can conclude that the materials with zirconium in their structure have
a higher ionic conductivity than materials with scandium.

The activation energy Ea of the ionic conductivity of all compounds except x = 2.3 and 2.8 was
obtained from impedance measurements in the temperature range of -40 °C to 100 °C as shown in
Figure 4.2.5b and summarized in Table 4.2.4. The Ea of Lii.2«Sco.2Zr1.8SixP3x012 (0.3 <x < 1.8)
specimens decrease from 0.26 eV to 0.11 eV with increasing x. Whereas the Ea values for x = 0.3
and 0.8 are again in good agreement with previous work, the samples with x = 13 and 1. 8 show
exceptionally low activation energies. These low activation energies may be explained with the
increasing amount of ZrSiO4 which leads to an excess of lithium oxide in the matrix, the formation
of additional lithium compounds and, hence, to an enhanced hygroscopicity of the samples.
Therefore it cannot be excluded that the low Ea values in combination with the low ionic

conductivities are a result of mixed Li"/H* conductivity.
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V Stability

5.1 Electrochemical stability window

5.1.1 Characterization of electrochemical stability window using cyclic

voltammetry

In general, oxide and phosphate electrolytes feature higher electrochemical stability and a broader
electrochemical window than sulfide, polymer, or liquid electrolytes [55, 63]. One of the most
promising Li-ion solid electrolytes with a NaSICON structure like LATP, however, still faces
challenges in the low voltage range due to the reduction of Ti*" to Ti** in direct contact with lithium

anodes [64]. For this purpose, selected NaSICON electrolytes such as LiZr,(PO4)3 (LZP),

Li12Y02Zr18(PO4)3 (LYZP), and Li,Sc,(PO4)3 (LSP) were investigated with regard to their

reduction stability range.

40]a)

Current /pA
Current / pA

Voltage / V (vs. Li/Li¥) Voltage / V (vs. Li/Li ™)
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Figure 5.1: Cyclic voltammograms of a) LATP, b) LYZP, ¢) LZP, and d) LSP in
Au | NaSICON | Li cells ranging from -0.5 to 5 V with a speed of I mV s!

Asymmetric cells in which the sintered pellets of the selected materials LZP, LYZP, and LSP were
sandwiched between the Au and Li electrodes (Au | NaSICON | Li) were investigated by cyclic
voltammetry (CV). Similar characterization was also performed for Lii.sAlosTii.s(PO4)s (LATP)
to compare its electrochemical stability window with that of LZP, LYZP, and LSP.

As mentioned earlier, titanium-containing materials are instable against lithium [65] and indeed
the cyclic voltammograms of LATP shown in Figure 5.1a confirm the reactions occurring during
cycling. A pair of broad quasi-reversible peaks corresponding to the Ti*'/Ti** redox process is
observed at an average potential of about 2.6 V vs. Li'/Li, with the onset of Ti*" to Ti** reduction
starting as early as ~ 2.5 V vs. Li*/Li and the peak potential at ~ 1.7 V vs. Li*/Li. The peak of the
corresponding oxidation process is observed at ~ 4.7 V vs. Li*/Li [66, 67]. The current density
decreases in the following cycles, indicating a low Coulomb efficiency of this process. These peaks
are superimposed on the reduction current at negative potentials below ~ 1 V, which correspond
to the Li plating process with a possible formation of Li alloys (e.g. Li—Au alloy due to the reaction

with the Au adhesion layer) [68].
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The substitution of Ti*" with Zr*" and Sc** significantly increases the reduction stability of the
resulting compounds, as shown in Figure 5.1b-d. In contrast to LATP, a reduction process is
observed at much more negative potentials in LYZP, with a reduction onset at ~ 1.5 V vs. Li*/Li
and a peak potential at ~ 0.5 V vs. Li*/Li. The cause of this process is still unknown, although it is
thought to be the reduction of Zr** [15], which is in good agreement with the detection of the Zr**
species in the XPS spectra described in Section 5.1.2. However, the exact origin of this process
and the compounds formed still needs to be confirmed. It should be mentioned, however, that the
reduction current is much lower compared to LATP and that the current corresponding to this
process decreases sharply in the subsequent cycles. In the reverse scan, a very small peak of an
oxidation process is observed at a potential of ~4 V vs. Li"/Li, and in the second reduction scan,
a very small reduction peak is detected at ~ 1.7 V vs. Li*/Li. This peak most likely corresponds to
the reduction of a compound formed during the oxidation scan, but the origin of this process still
needs to be explained.

LZP (Figure 5.1c) and LSP (Figure 5.1d) generally exhibit very low currents and poor
electrochemical performance due to their low ionic conductivity in the range of 10”7 S/cm, and
LSP in particular shows near-Ohmic behavior. LZP, similar to LYZP, shows a linear onset of
reduction currents at potentials below ~ 1 V vs. Li*/Li. These currents can also be attributed to the
reduction of Zr*" and Li plating at more negative potentials, which are, however, poorly resolved
due to the low ionic conductivity of this compound and the resulting high resistive polarizations.
In the oxidation scan, a small oxidation peak is observed at a potential of ~ 4 V vs. Li*/Li, with the
corresponding reverse reduction peak detected in the second reduction scan. The potential of these
peaks is similar to those of LYZP and likely to have the same origin.

LSP (Figure 5.1d) exhibited the widest electrochemical window of all the compounds studied, with
no reduction or oxidation peaks detected in the potential range from -0.5 V to 5 V vs. Li*/Li, but
showed high Ohmic polarization due to its low ionic conductivity.

The conclusions about the reduction stability of the investigated NaSICON materials obtained by
CV measurements are in good agreement with the optical appearance of the pellets after contact
with Li metal. As shown in Figure 5.2 b), f), and j), no instant color change was observed for LSP,
LZP, and LYZP after direct contact with lithium metal. However, in the case of the LATP
electrolyte (Figure 5.2n), an immediate color change from white to black was clearly observed

after direct contact with lithium metal. A longer exposure time with lithium metal of up to 24 h
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did not lead to a color change in the case of LSP (Figure 5.1c), while the zirconium-containing
materials LZP and LYZP started to react locally, as shown in Figures 5.1g) and 5.1k). In the case
of LZP, only isolated black spots were observed, while in the case of LYZP, the majority of the
surface was colored black. However, the chemical stability of these materials to Li metal is much
higher than that of LATP, which reacted completely with the adhering Li metal and formed a thick
black layer on the entire surface.

After a cycling test of asymmetric Au | NaSICON | Li cells at RT for 100 hours, no change was
observed on the surface of the LSP pellet, while LZP and LYZP showed some color changes. LZP
formed a considerable number of black spots, and the LYZP showed a black layer on the surface
of the pellet. However, LATP reacted completely with lithium metal and formed a very thick black
layer on the surface, indicating the low stability of the solid electrolyte in contact with lithium.
The experiments show that LSP has very good chemical stability and no interaction with lithium,
indicating the possibility of its direct combination with the lithium metal anode. LYZP and LZP
exhibit much higher reduction stability than LATP, but react to some extent in direct contact with

lithium metal.

LSP

LZP

LYzp

LATP

Before contact Instantaneous 24h contact After CV

Figure 5.2: a-d) Pellets of LSP, e-h) LZP, i-1) LYZP and m-p) LATP after different exposure times
with metallic lithium. The CV test was performed with Au | NaSICON ILi cells.
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5.1.2 Characterization of the black surface layer on Lii.2Yo0.2Zr1.3(PO4)3 after
cycling

After the cycling experiments, no indication of phase decomposition was observed by XRD, i.e.
the black layer coating the surface of LYZP is most likely very thin or amorphous.

Therefore, XPS measurements were performed to explore the reaction products in more detail. In
the first set of experiments, the black surface layer formed after cycling the Aul| LYZP |Li cell
was investigated. For comparison, a second set of measurements was applied to characterize LYZP
after heat treatment at 1000 °C in an inert atmosphere (Ar) for 3 hours. Normalized C 1s, O 1s, P
2p, and Zr 3d XPS spectra of these samples are shown in Figure 5.3 together with the spectra of
the reference sample. As seen in the C s spectra, there are slight differences between the samples.
The treated samples indicate the formation of a small amount of high binding energy species (e.g.
at 288.6 eV). Such a binding energy corresponds to C=0/0O—C-O related species, which might
also have formed during transport and the exposure of samples to the ambient atmosphere. In the
O 1s spectra, the reference sample has two main peaks located at 531.4 eV and 532.3 eV. After
contact with Li metal, the position of the low energy peak shifts to around 531.2 eV. However,
upon high-temperature heat treatment, a new peak appears at around 530.1 eV. This may originate
from near-surface phase transitions or reactions due to the thermal instability of the material in an
Ar atmosphere, for example the formation of new oxide phases. Unfortunately, it is not possible
to make precise deductions at this binding energy, since many metal oxide compounds exhibit

peaks at this energy region.

In the P 2p spectra, all samples seem to consist of closely located spin orbit components of
Li12Yo02Zr1.8(POa4)s. However, the sample that was in contact with Li metal shows a contribution
from a new set of peaks, which may originate from the formation of Li3P at around 133 eV. It has
previously been reported that the reaction with Li can result in the formation of LisZrOs and LisP
[96, 140]. In this case, however, no additional crystalline phase was observed by XRD, which
implies that an amorphous layer may contribute to the shift of the main O 1s peak to a lower
binding energy. In the heated sample, the shift to a low binding energy is more significant and the
contribution can be easily identified with the formation of the third peak (black). This clearly

shows that the decomposition products are different for the samples in contact with Li and the
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heat-treated samples. The Zr 3d spectra also confirm these differences (note that the brown peak

in the Zr 3d spectra is due to the P 2s contribution).

C1s O1s P 2p Zr 3d
I Heated I | [

Li-
Contact

Intensity (a.u.)

| Ref.

T T T T T T T T T
290 268 286 284 202 280536 534 532 530 528 140 138 136 134 132 130 128 196 192 188 184 180

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 5.3: XPS spectra of Lii2Y02Zr1.8(PO4)3 samples before and after reduction either via Li
contact or heating in an Ar atmosphere at 1000 °C. Normalized C 1s, O 1s, P 2p, and Zr 3d spectra
from left to right.

For the heat-treated sample, the formation of a lower energy set of spin orbit peaks (shown in blue)
is much more intense and positioned at slightly lower energies. The largest 3d 5/2 signal of the
reference sample appears at 183.2 eV, which is in very good agreement with the binding energy
of 183.1 eV for Zr*' ions in ZrO2 [141]. For the sample that was heat-treated in Ar, the additional
doublet appears at a shift of about 1 eV peaking at 182.2 eV of the larger signal. In the case of Li
contact, peaks are again shifted to lower energies (largest peak at 181.4 ¢V). The overall peak shift
agrees with a previous study on the interfacial stability of Li and LZP [140] and with the binding
energy of Zr>* (182.1-181.8 eV depending on the experimental conditions) [141]. Therefore, both

reducing conditions lead to the formation of Zr** ions and are the reason for the black coloration.

Although the relative concentration of decomposition products is not high, depth profiling (Annex
11) shows that the formation of Li-rich compounds is not limited to the surface and can be detected
with high intensity after the sputtering process. It shows that the surface of the sample (which
might also consist of residual Li metal) reacted with the atmosphere during storage and transport

after the removal of the Li metal contact.
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VI Conclusion

The focus of this thesis was to increase the reduction stability of NaSICON compounds by
replacing critical Ge*" and Ti*" ions with more reduction-stable ions. With this aim, NaSICON
materials with partial cation substitution in LiixMxZr2x P3O12 with M = Sc, Y, Al, partial
polyanion substitutions in Liz+xSc2SixP3xO12 with 0 < x < 0.6 (derived from the parent compound
Li3Sc2(PO4)3) and the partial polyanion substitution of P°" with Si*" in the Lii2+xSco.2Zr1.8SixP3-
xO12 system with 0 < x < 2.8 were synthesized and the effect of substitution on crystallographic
parameters, relative density, sintering temperature, ionic conductivity, and electrochemical

stability systematically investigated.
The main results of this work can be summarized as follows:

Partial cation substitution

XRD investigations of materials in the Lii+M>"xZr2x(PO4)3 system where M = Al, Sc, Y
indicated that the samples contained different polymorphs of the NaSICON structure and
crystallized with rhombohedral (R3c) or monoclinic (P2:/n) symmetries, or a mixture of both. In
some cases, reflections of the orthorhombic phase (Pbcr) were also detected in addition to those
of the R3c and P2i/n symmetries. The purity and crystallographic structure of the materials
strongly affected the ionic conductivity. The compositions where x = 0.2 in the three systems
showed the highest ionic conductivity, as these compositions exhibited high purity and a well-
crystallized rhombohedral NaSICON structure. Ionic conductivity significantly increased from 5.4
x 107 S cm™ for the unsubstituted LiZr2(POs); to 3.6 x 10% S cm’, 2.7 x 107
Sem’!, and 6.7 x 10 S cm™! for the compositions Lii.2Alo2Zr1.8(PO4)3, Li12Sco.2Zr1.8(PO4)3, and
Lii12Yo02Zr1.8(POa)s, respectively, with a consistent relative density of 94-96%. Therefore, those
three compositions were selected from the systems to further optimize sintering conditions,
improve densification, and increase ionic conductivity using the two-step sintering method and
FAST/SPS. Sintering the materials using the two-step sintering process resulted in the reduction
of pores and of micro-crack formation. The application of this sintering procedure not only
increased the density of the samples, but also reduced the loss of lithium oxide because the samples

remained at a high temperature only for a short period of time. Ionic conductivity was improved
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for the three compositions by increasing the density, and the highest value after optimizing the

sintering conditions was 7.3 x 10 S cm™ for the composition Li12Y0.2Zr1.8(PO4)s.

Partial polyanion substitutions

Rietveld refinement of room temperature powder XRD patterns of materials of the Liz«Sc2SixP3-
xO12 series with 0 < x < 0.6 derived from the parent compound LizSc2(PO4)3 and the partial
substitution of P>* with Si*" in the Li12+xSc0.2Zr18SixP3xO12 system with 0 < x < 2.8 revealed the
incidence of mixed orthorhombic and monoclinic symmetry in all cases. Optimizing the sintering
conditions through two-step sintering led to enhanced relative density and limited Li2O loss
because the sample is exposed to shorter durations at high temperature (depending on composition)
and increased ionic conductivity. The total ionic conductivity initially increases with increasing x
in the Li3+xSc2SixP3xO12 series and the maximum value of conductivity (1.2 x 107 S cm™') was
obtained with Li3.15Sc2Si0.15P2.85012. This trend can be mainly attributed to the substitution of
silicate in Li3+xSc2SixP3xO12 and the additional Li* ions needed for charge balance. Consequently,
more lithium ions led to a significant improvement in ionic conductivity. Although the ionic
conductivity was improved along the series, it still remains at a level that is unfavorable for battery

application.

The series Lii2wSco2Zr18SixP3xO12 was synthesized for the first time and the highest ionic

conductivity was achieved for the material Lii.sSco.2Zr1.8Si0.3P2.7012 with the lowest silicate content

(9.2 x 10" S em™). Any further increase in silicate content leads to a sharp decrease in ionic
conductivity. Therefore, it can be concluded that this Zr-containing series showed the highest ionic
conductivity without silicate substitution. Because of the increasing amounts of additional phases,

the substitution with (SiO4)* is not beneficial throughout the series.

The NaSICON materials LiZr2(PO4)3, Lii12Mo2Zr18(PO4)s (M = Sc, Y) and LizSc2(PO4)s were
selected and electrochemically investigated with respect to their reduction stability. For
comparison, the electrolyte LiisAlosTiis(PO4)s was also included in the studies. Finally,
Li3Sc2(POa4)s proved to be chemically and electrochemically very stable and might act as an anode

protection material in combination with lithium metal.
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Annexes

Annex 1: Ionic conductivity of Liz+2x(Sc1xMgx)2(PO4)3, Liz-2x(Sc1xMx)2(PO4)s (M = Ti, Zr, Sn,
Hf), and Lis-4x(Sc1-xMx)2(PO4)3 (M = Nb, Ta) at room temperature [1].

Series X log 6 (S em™)
0 -7.84
0.025 -7.54
Liz2x(Sc1xMgx)2(POs)s 0.05 -5.59
0.1 -5.16
0.15 -5.45
0.02 -7.27
0.05 -7.03
Lis2x(Sc1Tix)2(POs)s 0.08 -3.36
0.1 -5.13
02 -4.99
0.3 -5.27
0.025 -6.18
0.05 -5.67
Lisax(Se1aZ1)2(POs)s 0.75 -3.05
0.1 -4.94
02 -5.91
0.3 -6.53
0.05 7.08
Lizax(ScixSny)2(PO4)3 0.1 -5.75
0.2 5.58
0.05 -5.47
Lisox(ScixHE)2(POs)s 01 5.19
0.2 -6.09
0.025 -6.69
0.05 6.47
Liz.4x(ScixNby)2(PO4)3 0.1 -5.09
0.125 -5.42
0.15 -5.58
0.025 -6.70
Lisax(Sc12Ta)2(POs)s 0.05 -6.35
0.1 -5.66
0.15 -5.69
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Annex 2: Shrinkage curves up to 1600 °C of a) Lii+xScxZr2x(POa4)3, b) Lii+xYxZr2-x(PO4)3, and
¢) LiixAlxZr2x(PO4)s.
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Annex 3: Converted lattice parameters and unit cell volume for LSZP (0 < x <2).

X Material a(d) [bA) [cA) |[BO V (A3 Space
group
Rhombohedral (space group R3c) — Monoclinic (space group P2,/n)

0 | LiZr(POy)s 9.066 | 8.808 | 12.641 |92.309 | 1008.62 P2i/n
02 |Li,Sc,Zr (POss | 8970 |8.864 | 12.611 |90.955 |1002.56 | P2i/n
04 | Li ScyZr (POs)s 8.965 | 8.885 | 12.622 | 90.7240 | 100536 | P2i/n
0.6 | Li;¢ScyZr, (PO4)s 8.966 | 8.889 | 12.629 | 90-5910 | 1006.46 | P2i/n
0.8 | Li;¢ScyZr, ,(PO4)s 8.968 | 8.895 | 12.631 | 90-664 | 1007.63 P2i/n

1 | Li,ScZr(POs)s 8.948 | 8.834 | 12.574 | 91.0370 | 99390 P2i/n
12 | Li,,Se, ,Zr, (POa)s 895 | 8.839 | 12579 |91.004 | 994.97 P2i/n
14 Li2_4Scl_4Zro_6(PO4)3 8.950 8.839 | 12.579 | 91.007 995.23 P2:/n
1.6 Li, Sc, Zr, (PO4)3 8.952 8846 | 12.585 | 90.961 996.56 P2i/n
1.8 | Li,(Sc, (Zr,,(PO4)s 8.807 | 8.841 | 12.371 |90.003 | 963.24 P2i/n

2| Li;Sc(PO4)s 8.856 | 8.807 | 15.156 | 125.756 | 959.26 P2i/n

Orthorhombic (space group Pbcn) — Monoclinic (space group P2,/n)
1.6 | Li,Sc, (Zr, (POs); 8.854 |8.785 | 12.365 |90 961.8 P2i/n
1.8 | LiSc Zr ,(POs)s | 8841 |8.807 | 12371 |90 963.2 P2i/n
2 | LijSc,(POs)s 8.807 | 8.856 | 12.299 | 90 959.3 P2i/n

Annex 4: Converted lattice parameters and unit cell volume for LYZP (0.2 <x < 1.6).

X Material a(A) b (A) c(A) B©® V (A% Space
group
Rhombohedral (space group R3c) — Monoclinic (space group P2,/n)
02 Li Yo, Zr ((POs)s 8958 | 8.861 | 12.601 | 90.876 | 1000.07 | P2i/n
0.4 Li, Y, Zr, (PO4); 8982 |8869 |12.624 |91.022 |1005.51 | P2i/n
Orthorhombic (space group Pbcn) — Monoclinic (space group P2;/n)
0.4 Li, Y, Zr, (PO4); 8.829 12.438 | 8.948 90 982.67 P2/n
0.6 Li, Y, Zr, ,(PO4)s 8.831 12.41 8.951 90 981.99 P2i/n
0.8 Li, .Y, ¢Zr, ,(PO4)s 8.921 8.819 12.41 90 976.35 P2i/n
1 Li,YZr(PO4)s 8903 |8.804 | 12372 |90 969.74 | P2:i/n
1.2 Li),Y, ,Zr, (PO4)s 8.818 8.888 12.355 | 90 968.31 P2i/n
1.4 Li),Y, Zr, (POs)s 8.820 8.886 12.344 | 90 967.45 P2i/n
1.6 Li, Y, (Zr, ,(POs)s 8.830 |8.882 |1230 |90 964.67 | P2i/n
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Annex 5: Converted lattice parameters and unit cell volume for LAZP (0.2 <x < 1).

X | Material [ad) [bA) [c) [B® V(@A [ Spacegroup
Rhombohedral (space group R3c¢) — Monoclinic (space group P2,/n)

0.2 Li Al ,Zr, (POs)s | 8979 | 8858 | 12,613 | 91.089 |1003.02 | P2/n

0.4 Li, Al Zr, (POs)s | 8957 | 8841 |12.5855 | 91.050 | 996,51 | P2i/n

0.6 Li, Al Zr, (POs); 8.952 | 8.831 |12.5743 [91.089 | 99385 | P2i/n

0.8 Li, (Al Zr, ,(POs)s | 8951 |8.831 | 125742 |91.086 | 99381 | P2i/n

1 Li, AlZr(PO4)s 8.951 |8.831 |12.5741 [91.083 | 99376 | P2i/n

Annexes 6: Lattice parameters, cell volume, and space group of materials with the composition
Lii+xMxZr2x P3012 where M = Sc, Y, Al, as taken from the literature.

a (A) b &) c(A) B V(A% [V/Z(@A% [Space |Ref.
X group
0 8.8600(1) 8.8600(1) | 22.065(1) 90 1500.04 | 250.01 R3c [2]
0 8.81277 8.9452 12.375 90.801 975.45 243.86 P2i/n [3]
0 15.0718 8.8556 9.112 123.912 1010.53 | 252.63 C1 [4]
0 8.8549 8.8549 22.1440 90 1503.69 | 250.62 R3c [5]
0 8.86 8.86 22.06 90 1500.0 250 R3c [6]
0 8.854 8.854 22.1442 90 1503.38 | 250.56 R3c [7]
0 8.8600 8.8600 22.0650 90 1500.1 250.02 R3c [15]
M= Sc
1.8 12.3542 8.794 8.820 90 958.33 239.58 Pbcn [8]
1.8 12.370 8.8086 8.8356 90 962.81 240.70 Pbcn [9]
1.8 8.836 12.366 8.798 90 961.26 240.32 Pbcn [10]
1.96 8.8572 12.2998 8.8183 90.05(5) 960.68 240.17 P2i/n 9]
2 8.8483(4) 12.274(5) | 8.7959(4) 90.015(6) | 955 238.75 P2i/n [8]
2 8.860(3) 12.279(2) | 8.804(2) 957.88 239.47 P2i/n [10]
2 8.853(2) 12.273(2) | 8.802(1) 90.02(2) 956.36 239.09 P2i/n [11]
2 8.853(2) 12.273(2) [8.802(2) [ 90.002) |956.36 | 239.10 P2/n | [12]
2 8.828 12.399 8.823 90 965.75 241.44 Pcan [12]
2 8.829 12.397 8.821 90 965.49 241.373 Pcan [13]
M=Y
0.1 8.8698 8.8698 22.1344 90 1507.86 | 251.31 R3c [15]
01.5 8.8727 8.8727 22.1578 90 1510.41 | 251.74 R3c [15]
0.2 8.8838 8.8838 22.1488 90 1513.84 | 252.31 R3c [15]
M = Al
0.05 90 1510 251.67 R3c [14]
0.1 90 1500 250 R3c [14]
0.2 90 1495 249.17 R3c [22]
0.25 90 1490 248.33 R3c [14]
0.275 90 1487 247.83 R3c [14]
0.5 90 1486 247.67 R3c [14]
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Annex 7: Orthorhombic unit cell parameters of Liz+xSc2SixP3xO12 (0< x < 0.6).

Composition a/A b/A c/A vV /A3 Rwe/ %

LisSc:P;01 12292 (4) | 8.861(2) |8812(3) |959.8 8.11

Li, ,.Sc,Si, P,..0,, 12301 (2) | 8.867(3) |8812(1) |9612 6.93

Li, Sc,Si, P, .0, 12295(2) | 8861(1) |8813(1) |960.1 7.78

Li,,Sc,Si P, O, 12324 (1) | 8.879(2) |8.826(1) |9658 9.14

Li, ,Sc,Si P, 0, 12451 (2) | 8.875(2) |8835(1) |9762 8.22

Li, Sc,Si, P,.0, 12385 (1) | 8.829(2) | 8.804(2) |962.7 9.04
Annex 8: Monoclinic unit cell parameters of Liz+xSc2SixP3xO12 (0 <x < 0.6).

Composition a/A b/A c/A B/° vV /A3 Rwe/ %

LisScoPs01 8.819 (1) 8.845(2) | 12.286 (1) | 89.939 958398 | 391

Li; 65¢,S1506P20:01, | 8.848 (3) 8.845 (1) | 12.295(2) | 89.939 962.305 | 4.78

Li, 5S¢,Si; 15P,es0, | 8.850 (1) 8.845(3) | 12.299 (2) | 89.990 962.775 | 4.83

Li, ;S¢,Si 5P, ,0,, 8.855 (3) 8.845(2) | 12.299 (1) | 90.102 963.285 | 6.05

Li, Sc,Si P, 0, 8.798 (1) 8.845(3) | 12397 (1) |90.170 964.781 | 5:39

Li, Sc,Si P,,0,, 8.828 (2) 8.845(2) | 12.452(1) | 89.801 972287 | 555

Annex 9: Orthorhombic unit cell parameters of Lii.2+xSco2Zr1.8SixP3xO12 (0.3 <x < 1.8).

Composition a/A b/A c/A vV /A3 Rup/ %
Li12Sco2Zr18P3012

Li1.sSco.2Zr1.8Si0.3P27012 12.371 (1) 8.803 (2) 8.924 (1) 971.84 2.97
LizSco2Zri 8Si08P22012 12.413 (3) 8.813 (1) 8.910 (2) 974.72 2.98
LizsSco2Zr $Si;13P1 7012 12.397 (3) 8.803 (1) 8.909 (1) 972.25 3.85
Li3Sco2Zr 3Si; sP12012 12.271 (1) 8.709 (3) 8.748 (3) 934.81 5.06

Annex 10: Monoclinic unit cell parameters of Li1.2+xSco.2Zr1.8SixP3x012 (0.3 <x < 1.8).

Composition a/A b/A c/A B/° V/A3 Rup/ %
Li12Sco2Zr1.sP3012 8.864(1) [89703) |12.611(2) |90.955 | 1002.56 | 612
Li1.sSco.2Zr18Si0.3P2.7012 8.764 (2) 8.964 (1) 12.429 (3) | 91.039 976.27 5.07
Li»Sco.2Zr18Si0.8P22012 8.771 (3) 8.956 (2) 12.431 (1) | 90.923 976.37 1.98
Liz.5Sco.2Zr1.8Si1.3P1.7012 8.768 (3) 8.957 (1) 12.425 (1) | 90.824 975.70 6.03
Li3Sco.2Zr18Si11.8P12012 8.758 (1) 8.988 (3) 12.367 (2) | 91.042 973.33 7.97
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Annex 11: C 1s, O 1s, P 2p, Zr 3d, and Li 1s spectra of Li1.2Y0.2Zr1.8P3012 samples before and
after various sputtering times. The data are shown without normalization.
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Lii12+xSco2Zr1.8SixP3xO12 series with (0.3 < x < 2.8) before and after
sintering. The results were normalized to 1.8 moles zirconium per
formula unit. The pellets were sintered at temperatures listed in Table
L PP
XRD patterns of Lii2+Sco2Zr1sSixP3xO12 with (0.3 < x < 2.8) after
sintering at temperatures referring to the optimum densification: 1200 °C
(x=0.3,0.8), 1060 °C (x = 1.3), 1120 °C (x = 1.8), 1050 °C (x = 2.3),
1040 °C (x =2.8). +: ZrO2, ®: Li3PO4, 0: Li2SiO3, *: ZrSiO4...............
Variation of orthorhombic (filled symbols) and monoclinic (open
symbols) lattice parameters and unit cell volume in the
Li12+xSco2Zr1.8SixP3xO12 series (0 <X < 1.8)..iviviiiiiiiiiiiiiiiii,
a) Nyquist plot of impedance spectra at 25 °C of Li1.2+xSco.2Zr1.8SixP3-
x012 (0.3 <x < 1.8) after taking the sample dimensions into account. The
equivalent circuit is also shown. b) Arrhenius plot of ot of
Li12+Sco2Zr18SixP3x012 (0.3 < x < 1.8) measured in the temperature
range of -40 °Ct0 100 °C....oviniieiii e
Cyclic voltammograms of a) LATP, b) LYZP, c¢) LZP, and d) LSP in
Au | NaSICON | Li cells ranging from -0.5 to 5 V with a speed of 1 mV
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Figure 5.2

Figure 5.3

a-d) Pellets of LSP, e-h) LZP, i-1) LYZP and m-p) LATP after different
exposure times with metallic lithium. The CV test was performed with

AU NaSICON | Li CellS. ... ovvveeeeee e

XPS spectra of Lii2Yo2Zr1.8(PO4)3 samples before and after reduction
either via Li contact or heating in an Ar atmosphere at 1000 °C.
Normalized C 1s, O 1s, P 2p, and Zr 3d spectra from left to right...........
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List of Abbreviations

AAM Active Anode Material

ASSLiBs All-Solid-State Li-ion Batteries

ASR Area-Specific Resistance

CAM Cathode active material

CTE Coefficient of Thermal Expansion

CvV Cyclic Voltammetry or Cyclic Voltammogram
CPE Constant Phase Element

DFT Density Functional Theory

DTA Differential Thermal Analysis

DSC Differential Scanning Calorimetry

Ea Ea Activation Energy

EDX Energy-Dispersive X-ray spectroscopy
ESCA Electron Spectroscopy for Chemical Analysis

FAST/SPS Field-Assisted Sintering Technology / Spark Plasma Sintering
HT-XRD High temperature X-Ray Diffraction
ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry

ICSD Inorganic Crystal Structure Database
I[EK Institut fiir Energie- und Klimaforschung (Institute for Energy and Climate Research)
IS Impedance Spectroscopy

LAGP Lii+xAlxGe2x(PO4)3

LATP Li1+xAlxTi2x(PO4)3

LAosTP Li1.sAlosTiis(PO4)3

LSZP Lii+xScxZr2x(PO4)3

LIBs Lithium Ion Batteries

LiSICON Li" Super Ionic Conductor

LSo.2ZP Li1.2Sc0.2Zr1.8(PO4)3

LYZP Lii+xYxZr2x(PO4)3

LYo.2ZP Li12Y02Zr1.8(PO4)3
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LAZP LitxAlxZr2x(PO4)3

LAo2ZP Li12Alo2Zr1.8(PO4)3

LZP LiZr2(PO4)s

LSP Li3Sc2(POs)3

LZS Li4Zr2Si3012

MS Mass Spectrometry

NaSICON Na* Super Ton Conductor
PAN Poly(acrylonitrile)

PEO Poly(ethylene oxide)

PMMA Poly(methyl methacrylate)
PVDF Poly(vinylidene fluoride)

PSD Particle Size Distribution

Pt Platinum

Rwp Weighing profile factor

RT Room Temperature

SA-SSR Solution Assisted-Solid State Reaction
SEM Scanning Electron Microscopy
SE Secondary Electron

SSBs Solid-State Batteries

SSEs Solid-State Electrolytes

TG Thermogravimetry

WDX Wavelength Dispersive X-ray
XPS X-ray photoelectron spectroscopy
XRD X-Ray Diffraction

GTotal, Ob, Ogb  Total conductivity, bulk conductivity, grain boundary conductivity
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