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Abstract

All-solid-state batteries are one of the key technologies for future energy storage and the
transition to a climate-neutral society. They offer improved safety, stability, and a broader
operating temperature range compared to conventional batteries with liquid electrolyte.
Perovskite LipssLagssconTiOs (LLTO) is recognized as one of the most promising solid
electrolytes, however, its performance is hindered by the presence of grain boundaries,
which exhibit orders of magnitude lower conductivity values than the grains.
Microstructures with larger grain sizes are desirable to reduce the impact of grain
boundaries and improve overall performance.

In this dissertation, LLTO samples with varying initial La:Ti ratios and excess Li were
prepared with solid-state synthesis. In sufficiently Li- and La-rich LLTO compositions,
microstructure development starts at around 1100 °C with the formation of plate-like
grains composed of layered Ruddlesden-Popper (RP)-type Li;La;Ti301 phase with periodic
structure and structurally related non-periodic sequences. These grains undergo
exaggerated growth and develop into large plate-like grains with thicknesses of up to 10 pm
and lengths over 100 pm. Theoretical calculations confirmed that the formation of RP-type
sequences is energetically favored and precedes the formation of the LLTO perovskite
phase. Microstructure development continues with the crystallization of LLTO perovskite,
epitaxially on the plate-like grains and as individual smaller grains with thinner in-grain
RP-type lamellae, resulting in bimodal microstructure.

The structural and compositional characteristics of the lamellae were thoroughly
investigated by scanning transmission electron microscopy in combination with image
simulations. Periodic sequences of the LiLa2Ti3010 phase consist of pseudo-perovskite
blocks separated by a Li-rich layer. Thin in-grain lamellae exhibit a non-periodic structure,
with pseudo-perovskite blocks of varying thicknesses. At around 1250 °C, pronounced ion
exchange occurs in non-periodic sequences between the Li-rich RP layers and the
neighboring Ti and La layers. The degree of ion exchange was estimated by quantitative
HAADF-STEM analysis. The thermal instability of the RP-type defects leads to their
gradual recrystallization to LLTO.

At higher sintering temperatures (1350 °C), all sequences of RP-type defects completely
recrystallize to LLTO. Furthermore, the smaller LLTO grains recrystallize onto the large
plate-like seed grains via Ostwald ripening. This process results in the development of
dense microstructures with LLTO grains measuring up to 100 pm in diameter. This method
represents a novel and straightforward approach for the preparation of coarse-grained
LLTO ceramics with total ionic conductivity in the range of 10* S/cm.
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Povzetek

Baterije s trdnim elektrolitom so ena izmed klju¢nih tehnologij za shranjevanje energije in
prehod v podnebno nevtralno druzbo v prihodnosti. V primerjavi z baterijami s tekoc¢im
elektrolitom so take baterije bolj varne, stabilne in imajo SirSi temperaturni razpon
delovanja. Perovskit LissLaossco11TiOs (LLTO) velja za enega najbolj obetavnih trdnih
elektrolitov, vendar pa je ucinkovitost tega materiala zmanjSana zaradi prisotnosti mej
med zrni, ki imajo izrazito nizje vrednosti prevodnosti v primerjavi z zrni. Mikrostruktura
LLTO z vecjimi zrni bi tako zaradi manjsega prispevka mej imela boljso ionsko prevodnost.

V sklopu disertacije so bili s konvencionalnim sintranjem v trdnem stanju pripravljeni
vzorci LLTO z razlinimi zacetnimi razmerji La:Ti in presezkom Li. Pri sestavah z
zadostnim presezkom Li in La se razvoj mikrostrukture zacne pri priblizno 1100 °C z
nastankom podolgovatih zrn, ki so sestavljena iz faze Li,La>,Ti;0y tipa Ruddlesden-Popper
(RP) s periodi¢no strukturo in strukturno sorodnimi neperiodi¢nimi zaporedji. Ta zrna
izkazujejo pretirano rast in se razvijejo v velika podolgovata zrna z debelino do 10 pm in
dolzino preko 100 pm. Teoreti¢ni izracuni so potrdili, da je nastanek zaporedij tipa RP
energetsko ugodnejsi in poteka pred nastankom perovskita LL'TO. Razvoj mikrostrukture
se nadaljuje s kristalizacijo perovskita LLTO, epitaksialno na podolgovatih zrnih in kot
individualna zrna s tanjsimi lamelami tipa RP znotraj zrn, kar vodi v razvoj bimodalne
mikrostrukture.

Sestava in struktura lamel tipa RP sta bili raziskani z vrsticno presevno elektronsko
mikroskopijo v kombinaciji s simulacijami. Periodi¢na zaporedja faze LiLa;TizO: so
sestavljena iz psevdo-perovskitnih blokov, lo¢enih z Li-bogato plastjo. Tanjse lamele
znotraj LLTO zrn imajo neperiodi¢no strukturo s psevdo-perovskitnimi bloki razli¢ne
debeline. Pri priblizno 1250 °C v neperiodi¢nih zaporedjih pride do ionske izmenjave med
Li-plastmi in sosednjimi Ti- in La-plastmi. Stopnja ionske izmenjave je bila ocenjena s
kvantitativno analizo HAADF-STEM slik. Defekti tipa RP zaradi toplotne nestabilnosti
postopno rekristalizirajo v LLTO.

Pri vigjih temperaturah sintranja (1350 °C) vsa zaporedja defektov tipa RP popolnoma
rekristalizirajo v LLTO. Poleg tega manjsa zrna LLTO rekristalizirajo na velika
podolgovata zrna preko Ostwaldovega zorenja. Proces vodi do razvoja goste mikrostrukture
z LLTO zrni velikosti do 100 pm. Predstavljena metoda je inovativen nacin priprave LLTO
keramike z velikimi zrni in ionsko prevodnostjo okoli 10 S/cm.
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Chapter 1

Introduction

An increasing global energy demand coupled with apparent consequences and challenges
of global warming underscores the urgency of transition to a climate-neutral society that
focuses on renewable and clean energy sources, like solar and wind, as well as safe and
reliable energy storage [1], [2], [3]. One of the key technologies for future energy storage in
mobile, stationary, and other applications, are batteries (Figure 1.1) [4], [5]. Batteries that
rely on toxic and unstable organic liquid electrolytes are reaching their limits in terms of
optimization potential [6], [7]. Replacement of the flammable and hazardous liquid
electrolyte with solid electrolyte therefore represents the new generation of batteries, i.e.
all solid-state batteries (ASSBs) [8]. A tremendous research effort has been devoted to
enhancing ASSBs’ performance, especially capacity, charging rates, cycle life, and long-
term stability [9], [10], [11], [12], [13]. The absence of a liquid component improves safety
and enables superior energy and power density, making ASSBs particularly attractive for
applications where reliability and security are crucial. Furthermore, ASSBs offer increased
energy storage capacity with a smaller carbon footprint, thus paving the way for more
compact and powerful devices [14], [15].

20007 consumer electronics
stationary storage
M transportation

= 15007
3
O
310007
@
{ o
L

5007

2020 2025 2030
Figure 1.1: Projected annual battery demand by application (adapted by [16]).

As the new generation of batteries is expected to become a key actor in different
technological applications, solid-state materials still face limitations that impede their
scale-up for commercialization, especially poor electrolyte ionic conductivity and interface
compatibility, and slow electrode process kinetics. Overcoming these challenges requires
further systematic studies, development of new materials, optimization of synthesis and
properties of current solid-state materials, and finally a thorough characterization with
advanced techniques. This approach is essential to advance the battery materials and
achieve demands for the commercial viability of solid-state batteries.
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1.1 All-Solid-State Batteries

Replacement of the conventional liquid electrolyte with a solid electrolyte would resolve
most safety drawbacks and enhance battery performance. The intrinsic solid nature of
electrolytes in ASSBs enables them to operate reliably across a much wider temperature
range between —30 and 100 °C, whereas batteries with liquid electrolytes face a significant
performance degradation at low temperatures and deteriorate rapidly at temperatures
above 60 °C [17]. Owning to the superior volumetric energy density, meaning they deliver
greater battery capacity per unit volume, solid electrolytes are not only more compact but
also lighter. This is important for the miniaturization of devices with maintained or
improved performance [4], [18], [19]. The structure of an ASSB consists solely of a cathode,
anode, and solid electrolyte that are in close interfacial contact, facilitating electrochemical
reactions and ensuring mechanical stability which allows for simpler design [13], [20]. The
operational principle during charging involves the deintercalation of Li" ions from the
cathode to the anode through a conductive electrolyte and the transfer of electrons to the
anode via an external circuit (Figure 1.2). Contrary to a liquid electrolyte, the solid
electrolyte not only conducts the Li* during the cycling process but also acts as a separator
and binder, preventing electrode contact and potential short circuits within the battery
[21], [22].
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Figure 1.2: ASSB structure and working principle.

Despite the significant advantages of ASSBs, their large-scale production and
application still need to overcome technological challenges. Further research is required to
reach the solid electrolyte peak performance, especially the ionic conductivity and chemical
stability. It is also essential to enhance the interfacial contact of the solid electrolyte with
electrodes. Since the solid electrolyte cannot conform to the electrode surface as a liquid
electrolyte, poor contact causes increased resistance and decreased performance [23]. The
interface can be additionally degraded during cycling as the volume of the electrodes
changes and can lead to dendrite formation, which can result in short-circuiting of the
battery. Dendrites can grow also in a solid electrolyte due to possible electronic
conductivity and the presence of grain boundaries, defects, and voids [24]. To build
comprehensive models that predict battery behavior, it is crucial to understand the
processes during charge and discharge, like electrode and electrolyte degradation, phase
transitions, volume expansion, and formation of unstable solid-electrolyte interphase [2],
[14], [25], [26], [27]. The new knowledge and developments are vital for manufacturing high-
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quality and scalable materials for ASSBs with improved performance, supporting
advancements in electrical vehicles, electronic devices, and various new technologies [9],
[28]. Finally, it is also important to address the aspect of availability of raw materials, their
cost for scale-up production of sustainable batteries, and the potential of recyclability of
battery components [5], [28], [29].

Considering the fact that the performance of ASSBs is directly affected by the
electrolyte, the selection of solid electrolyte is of high importance and needs to fulfill several
parameters [18], [19], [29], [30]:

— high ionic bulk conductivity and low grain boundary and interfacial resistance,
— negligible electronic transport (transference number o1i/0oa close to 1),

— thermal and chemical stability over the operation temperature range,

— sufficient mechanical strength,

— high electrochemical stability window,

— compatibility with electrodes,

— low activation energy,

— environmental friendliness.

Solid electrolytes are categorized into three groups: organic polymer solid electrolytes,
organic-inorganic composite solid electrolytes, and solid-state electrolytes (Figure 1.3) [4].

ionic conductivity

safety electrochemical stability

—

\

interfacial contact mechanical strength

composite electrolyte  ®*=inorganic electrolyte polymer electrolyte

processability thermal stability

Figure 1.3: Comparison of different types of solid electrolytes (adapted by [31]).

While polymer electrolytes can form high-quality contacts with electrodes due to their
flexibility, they have poor mechanical stability and generally low ionic conductivity at room
temperature. Organic-inorganic composite electrolytes offer very high ionic conductivities
and interface characteristics, but they suffer from safety issues [32], [33]. Solid-state
inorganic electrolytes can exhibit high ionic conductivities in the range of 10* to 10* S/cm
at room temperature, which is comparable to currently used liquid electrolytes. Their
advantage lies in good mechanical stability, relatively good chemical stability, and wide
operating temperature range [14]. The group of solid-state oxide electrolytes consists of
numerous diverse materials and is generally divided into several groups (Figure 1.4).
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Figure 1.4: Arrhenius plots for ionic conductivities of selected solid inorganic electrolytes
(adapted by [26], [34]).

Electrolytes based on titanium phosphates, like LiisAlosTii7(POs)s (LATP), have a
three-dimensional framework structure and exhibit relatively high ionic conductivities,
good chemical and mechanical stability, and low production cost [35], [36]. The iconic
conductivity can be enhanced by doping and sintering optimization. Their potential is
challenged by the presence of a nonconductive secondary phase and poor interfacial
performance [36], [37].

LISICON (Li* superionic conductor) electrolytes are germanium oxides based on LizPOy
structure. Certain compositions can exhibit high electrochemical stability and a wide
electrochemical window [38]. While combining different elements in the structure can
significantly improve ionic conductivity, the presence of rare and costly elements,
sensitivity to moisture, and low ionic conductivity at room temperature hinder their
practical application [11], [39].

Garnet-type electrolytes based on Li;LasZr,O12 have good electrochemical and thermal
stability, compatibility with electrodes, and a wide electrochemical window. They
crystallize in tetragonal or cubic modification, the latter is stable at higher sintering
temperatures. The short migration path of Lit in garnet with cubic symmetry yields the
highest reported ionic conductivity among solid electrolytes [40]. Disadvantages that
impede their application are related to the high costs of rare-earth elements for the
production of the material, instability in air at room temperature, and complex synthesis
process for high-quality ceramics because of the pyrochlore phase formation [11].

LiPON (lithium phosphorus oxynitride) typically exhibits an amorphous structure and
has negligible electronic conductivity and high electrochemical stability. Owing to its easy
growth in the form of thin films with sputtering techniques, it is considered for applications
as a solid electrolyte in thin film micro batteries [18], [41]. Relatively low ionic conductivity
and costly fabrication process impede its commercial viability.

Perovskites represent a wide group of compounds with the general formula ABO3. Due
to their high ionic radii tolerance, they are characterized by high structural and
compositional flexibility, which enables tailoring of their functional properties, making
them a promising candidate for solid electrolytes [42]. Lithium lanthanum titanate (LLTO),
with the general formula LisJas/s<01/52TiO3 has attracted much interest due to its high
ionic conductivity at room temperature [43]. This compound is chemically and thermally
stable in the air and is also environmentally friendly as it does not decompose to toxic
products. Moreover, it has a wide electrochemical window, enabling operation over a broad
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range of voltages [33]. The highest ionic conductivity of LLTO in the order of 10* S/cm at
room temperature was measured in composition with x=0.11 (LigssLaosc00.11TiO3), where
the presence of many vacancies in the A-sites enables fast migration of Li through the
lattice [44]. While the bulk conductivity of LLTO is one of the highest among Li-ion-
conducting oxides and is sufficiently high for all-solid-state battery applications, the total
conductivity is reduced by grain boundaries for several orders of magnitude [45], [46], [47].
The development of a solid electrolyte based on LLTO ceramics and the characterization
of its structural and chemical properties will be the main topic of this doctoral dissertation.

1.2 LisLaz3+TiO3 Perovskite

LiscLag/s«01/32¢T10s (LLTO) with perovskite-type structure is one of the promising
candidates for solid electrolytes as it exhibits high ionic bulk conductivity compared to
other electrolytes, has high thermal stability, and high transference number (between 0.5
and 0.9) [32], [33]. The activation energy for conduction is below 0.4 eV [44]. Its superior
ionic conductivity was first reported by Inaguma et al. in 1993 [44] and Kawai et al. in
1994 [48]. Since then, extensive research effort has been invested into the study of this
material for application as a solid electrolyte.

1.2.1 Perovskite-type structure

LLTO belongs to a wide group of materials with a perovskite-type structure, characterized
by structural and compositional versatility and excellent stability [49]. Perovskites occur
as natural minerals and much more common as functional materials. The flexibility of the
perovskite structure facilitates various substitutions and nonstoichiometry on both,
cationic and anionic sites [49], [50], [51]. This can be used for modification of physical
properties and enables correlations between composition, structure, and properties.
Perovskite oxides, therefore, exhibit interesting functional properties like dielectric,
conductive, catalytic, optical, photocatalytic, and magnetic properties, and are intensively
studied as materials for wide-range technological applications in electronics, photovoltaics,
and fuel cells [50], [52], [53].

The general formula of single oxide perovskites is ABO;. The aristotype perovskite
structure with the body-centered cubic arrangement of atoms (space group Pm3m) can be
found in mineral tausonite SrTiO; at room temperature and ambient pressure conditions
(2a=0.3905 nm). In cubic structure, the larger A-site cations (Sr in SrTiOs) occupy central
positions (positions Y%2,'%,%%) of the cubic close-packed sublattice and are coordinated with
12 oxygen atoms (dodecahedral coordination). The smaller B-site cations (Ti in SrTiOs;)
are typically transition metals and occupy cube corner positions 0,0,0. They are
octahedrally coordinated by oxygen anions (on positions %,0,0; 0,%2,0 and 0,0,%), forming
an infinite 3D framework of corner-shared BOs (TiOg in SrTiO;) octahedra [54]. The A-O
bonds exhibit ionic character, while the bonds between B-site cations and O anions in the
octahedra have predominantly covalent character [55].

In the ideal cubic perovskite structure, the ratio between A-O bond and A-B bond
lengths is equal to 2, and the size ratio between cations corresponds to the Goldschmidt
tolerance factor 1. Goldschmidt factor applies ionic radii at room temperature to estimate
the possibility for the formation of a stable perovskite structure and is defined as

. ratr
t= \/i(ﬁBJr(io) (Eq. 1>’
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where ra, rp, and ro are effective ionic radii of the A, B, and O ions, respectively. A
stable perovskite structure has t value between 0.75 and 1. Another factor indicating the
stability of the perovskite structure is the octahedral factor u, defined as

The tolerance factor t can be used as a measure of the degree of distortion from the
ideal structure. The distortion occurs to minimize the strain due to the different ion sizes
and results in a reduction of symmetry (tetragonal, trigonal, orthorhombic) [56].
Perovskites with a tolerance factor different from 1 exhibit more complex structures, with
displacements of B-site cations, tilts and rotation of the octahedra, and distortions of the
octahedra (Figure 1.5) [50], [57].
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Figure 1.5: Structural variability in single ABOj3; perovskites.

Cation displacement from the centrosymmetric position is typical when the tolerance
factor is larger than 1. Cation displacements in BOs octahedra occur along one of the
symmetry axes of the octahedra to lower ground-state energy. It causes the formation of
tetragonal, trigonal, and orthorhombic symmetries, depending on the direction and
magnitude of displacements [50], [58], [59]. A cation can move along three tetrad axes
passing octahedron vertices, four triad axes passing through centers of the opposing faces,
or six diad axes passing through centers of the edges. Displacement of cations is
temperature and pressure-dependent and has a large impact on the material’s dielectric
properties as it induces electrical polarity [50], [54]. For example, PbTiOs is a ferroelectric
with a tetragonal structure at ambient temperature and pressure due to displacement of
the cation in the octahedra and a paraelectric with cubic structure above Curie temperature
at 489.9 °C [60].

Octahedral tilting occurs when the tolerance factor ¢ smaller than 1. Tilting is usually
associated with the presence of the A-site ions that are too small for the cuboctahedral
cage, leading to tilting and rotation of the octahedra with 15 different crystallographic
variants [50], [54], [55]. These distortions lower the symmetry of the perovskite and are
temperature, pressure, and strain-sensitive [50]. For example, CaTiOs; has an orthorhombic
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structure at room temperature but with increasing temperature transforms to tetragonal
and further to cubic symmetry [61]. Glazer (1972) proposed a notation to describe tilting
by rotation along the x, y, and z axes along the three tetrad axes of the basic building
octahedron ([100], [010], and [001] axes) using symbols of the type a*b#c# [62], [63]. The
positive (+) symbol denotes in-phase tilt (tilts of successive layers in the same directions),
whereas the negative (—) symbol is for anti-phase tilts (tilts in opposite directions in two
successive layers). The notation for the ideal cubic structure is a’a’a’, which implies that
there is no tilt along any of the axes [62].

Derivative compounds of the basic single ABO; perovskites are double perovskites
AA’ByOs, where A-sites are partially substituted by different cations, and layered
perovskites [57], [64], [65]. The strain energy due to the different sizes of cations on A-sites
in double perovskites can be reduced by ordering, which can be random, rock salt, or
alternating (Figure 1.6). When the overall valence of A- and B-sites is less than six, the
missing charge is compensated by nonstoichiometry on anionic sites. The missing charge
introduces (ordered) vacancies on the oxygen lattice [59]. The common characteristic of
nonstoichiometric and layered perovskites are exchanging blocks of perovskite-like or
pseudo-perovskite units (blocks) and layers with a different atomic arrangement, like rock
salt layers in Ruddlesden-Popper phases [57], [66].

t.o10]
random ordering rock-salt ordering alternating ordering

Figure 1.6: Types of ordering in double AA'B.Og perovskites.

1.2.2 Layered perovskites

Generally, layered 2D perovskites have a modulated structure that can accommodate larger
deviations from the basic ABOj stoichiometry. They consist of parent pseudo-perovskite
blocks with ABOj; structure and alternating interlayers. The compositional change is
accommodated by changing the thickness of the pseudo-perovskite blocks or in the
interlayers. These interlayers can facilitate ion transport and therefore exhibit reactions of
ion exchange and intercalation [67], [68], [69]. Ordering of modulated structures results in
the formation of homologous series [50], [70]. The three main groups of layered perovskites
are Dion-Jacobson, Bi-containing Aurivillius phases, and Ruddlesden-Popper phases
(Figure 1.7).
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Figure 1.7: Schematic structures of the layered perovskite phases.

1.2.3 Ruddlesden-Popper phases

Ruddlesden-Popper (RP) phases have a general formula A.:1ByOsu1, where pseudo-
perovskite blocks with n-layers are intercalated with AO layers adopting rock-salt structure
[71]. The crystal structure of RP phases can also be described as a sequence of perovskite
blocks in the [001] direction with a thickness of n octahedra, where each block is shifted
relative to another for half of the unit cell in the [010] direction [50]. Such structures, where
layers with almost identical structure and composition are arranged in a certain periodic
stacking sequen