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Abstract

Electrochemical energy storage plays an important role in today ‘s society. The constant demand
for improvements in the worldwide living standards made the development of new electrochemical
energy storage systems one of the biggest and most profitable challenges of our modern society.
With the rise of steadily advancing electronics such as notebooks, smartphones, electric vehicles
etc., conventional batteries are seeking continuous improvement in order to imbue their performance
demand. Alternative materials have to meet many requirements to be even considered as a replacement
candidate of conventional used materials in energy storage systems. Potential candidates will have
to fulfill extravagant requirements such as high conductivities, high capacities, exceptional charging
and discharging rates, low costs, environmentally friendliness among others. In order to access
these parameters a proper characterization of alternative energy storage materials is inevitable. The
performance of lithium ion batteries is strongly linked to the mobility of their charge carriers, therefore
a detailed characterization of ion dynamics is necessary. A wide repertoire of methods can be used to
gather information on ionic diffusion in solids from a macroscopic and microscopic point of view.

The following thesis shows how nuclear magnetic resonance (NMR) and impedance spectroscopy
(1) can be used to study fast and slow Li ion diffusivity in various lithium ion conductor materials.
These methods provide access to various diffusion properties such as diffusion coefficients (D), jump
rates (7) and activation energies (E,) for long- as well as for short-range Li ion diffusion.

The investigated materials can be divided into four different categories: (7) lithium ion diffusion in
low-dimensional materials (one-dimensional Li3BiSs and two-dimensional 2H-Li,NbS,), (4) lithium
ion diffusion in three-dimensional Li oxides (single crystalline garnet-type LigLagZrTaO15 (LLZTO)
and bismuth doped LLzO Li;_jLagZry ,Bi, O15), (éii) the influence of mechanical treatment on lithium
diffusivity in the alumosilicate mineral petalite (LiAlSi;O¢) and (iv) a novel electrolyte concept "ionic
liquids-in-salt" for high-temperature lithium batteries.

(¢) The one-dimensional conductor LigBiS5 was successfully synthesized as a phase-pure material.
Activation energies as high as 0.66(8) eV were extracted from spin-lock NMR measurements. This is
in line with results from NMR motional line narrowing hinting at a lithium jump-rate in the order
of ca. 2 -10% s at 500 K identifying Li3BiS5 as a moderate conductor. Variable-temperature "Li
NMR spectroscopy was used to study translational Li ion diffusion in the model system hexagonal
(2H-) Li,NbS,y (with z = 0.3, 0.7 and 1). Information on the dimensionality of the diffusion process
was experimentally obtained by frequency dependent R, measurements carried out at 7' = 444 K
approving the two-dimensional Li diffusion process. Increasing lithium content z revealed a decrease
in Li diffusivity.

(i) "Li NMR relaxometry measurements using both laboratory and spin-lock techniques were used
to probe Li jump rates in single crystalline LLZTO with the nominal composition LigLagZrTaOq5. The

data perfectly mirror a modified Bloembergen-Purcell-Pound-type (BPP) relaxation response being
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based on a Lorentzian-shaped relaxation function. Besides the extremely fast Li ion conductor LLZTO
another Li oxide with garnet-type structure namely Li; ,LasZry ,Bi 019 was investigated. Here the
effect of Bismuth doping (z = 0.10, 0.20, ..., 1.00) was investigated by solid state "Li NMR showing
that fast Li ion diffusivity for LLZBO is only achieved for high Bi contents.

(éii) The influence of mechanical treatment, and thus nanostructuring and the introduction of
defects, on Li ion dynamics in both crystalline petalite LiAlSi; Oy and its glassy form was compre-
hensively investigated by solid-state NMR and impedance spectroscopy. The various nanostructured
samples were prepared by high-energy ball milling. Ball-milling of the crystalline petalite results in
an enhancement of long-range ion transport by several orders of magnitude. The opposite trend,
however, is found when LiAlSi,O;q glass is treated for several hours in a planetary mill. The Li ion
conductivities of the two samples, viz the crystalline and glassy forms, head towards each other with
increasing milling time.

(iv) The mixture of an ionic liquid with a lithium salt represents a conceptually new class of
electrolyte materials for high-temperature lithium batteries, termed “ionic liquid-in-salt”. "Li NMR
was used to study both local electronic structures and Li" self-diffusion in the mixture of LiTFSI and
Li,EMIN{_,TFSI with £ = 0.9. NMR experiments recorded up to delay times of 1000s directly reveal
the pronounced bi-exponential "Li SLR NMR transients, showing a subset of highly mobile Li ions,
partly identified as [Li(TFSI),]", which can be well discriminated from the response of pure LiTFSI.
This sub-ensemble is regarded to be responsible for the enhancement in ion conductivity towards

higher temperature.

keywords: Li-ion dynamics, solid-state NMR spectroscopy, impedance spectroscopy



Kurzfassung

Elektrochemische Energiespeichersysteme spielen eine wichtige Rolle in der heutigen modernen
Gesellschaft. Das Streben unserer Gesellschaft nach Fortschritt und der damit verbundenen Steigerung
des Lebensstandards macht die Entwicklung von neuartigen Energiespeichersystemen zu einer prof-
itablen Herausforderung fiir die Forschung. Im Zeitalter von stetiger Weiterentwicklung, betroffen sind
vor allem Elektrogerite (Notebooks, Smartphones, Elektroauto usw.), stofien konventionelle Batter-
iesysteme an die Grenzen des Mdoglichen. Neu entwickelte Materialien miissen eine Unmenge an teils
utopischen Eigenschaften mitsichbringen, um als Alternative in Frage zu kommen. Um einige dieser
Eigenschaften zu nennen, miissten neue Materialien besonders gute Leitfihigkeiten, hohe Kapazitaten
sowie ausergewohnliche Lade- und Entladeeigenschaften aufweisen. Die Suche nach einer eierlegenden
Wollmilchsau hat begonnen. Zugang zu diesen Eigenschaften erhélt man durch eine ausreichende
Charakterisierung der Materialien und ist fiir die Entwicklung neuartiger Materialien unumgénglich.
Die Leistung einer Lithium-Ionenbatterie ist eng mit der Mobilitdt der Ladungstriager des Materials
verkniipft, wodurch eine detaillierte Untersuchung der Tonendynamik umso wichtiger erscheint. Es
konnen zahlreiche unterschiedliche Methoden genutzt werden, um Auskunft iber Materialeigenschaften
von einem makro- sowie mikroskopischen Blickpunkt aus zu erhalten.

In dieser Arbeit werden magnetische Kernresonanz (NMR) und Impedanzspektroskopie (1S) ver-
wendet, um schnelle, sowie langsame Lithium-Ionenbewegung in verschiedensten Marterialklassen, die
fiir den Einsatz in zukiinftigen Lithium-Ionenbatterien in Frage kommen, zu untersuchen. Mit diesen
Methoden schafft man sich Zugang zu verschiedensten Materialparametern wie Diffusionskoeffizienten
(D), Sprungraten (7) und lang- sowie kurzreichweitigen Aktivierungsenergien (E,).

Die untersuchten Materialien konnen in vier Kategorien unterteilt werden (7) Lithium-Tonendiffusion
in nieder-dimensionalen Materialien ((ein-dimensionales 2H-Li,NbSy und zwei-dimensionales Li3BiSs),
(4¢) Lithium-Ionendiffusion in drei-dimensionalen Lithiumoxiden (Einkristall mit Granat-Struktur
LigLagZrTaOqy (LLZTO) und mit Bismuth gedoptes LLZO Li;_,LagZry ,Bi, O45), (i) der Einfluss
von Mechanochemie auf die Leitfahigkeit von dem Schichtsilikat-Mineral Petalit (LiAlSi;O;() und
(iv) das neuartige Konzept "Ionische Fliissigkeit-in-Salz" fiir die Herstellung von Elektrolyten fir
Hochtemperaturbatterien.

(7) Der eindimensionale Ionenleiter Li3BiS5 konnte erfolgreich als phasenreines Material hergestellt
werden. Eine Aktivierungsenergie von 0.66(8) eV konnte durch die Charakterisierung mit der s.g.
"spin-lock" NMR-Methode berechnet werden. Dieser Wert stimmt mit den Beobachtungen erhalten von
der Linienverschmélerung der NMR-Spektren iiberein. Die Beobachtungen deuten auf eine Sprungrate
von ca. 2 - 10* s bei 500 K hin, dies bedeutet, dass Li3BiS5 als ein moderater Leiter eingestuft
werden kann. 7Li.NMR-Spektroskopie wurde eingesetzt, um die translatorische Li-lonenbewegung in
dem zwei-dimensionalen und hexagonalem Modellsystem (2H-) Li,NbS, (mit z = 0.3, 0.7 und 1) zu

untersuchen. Durch die Verwendung von frequenzabhéngigen R,-Messungen bei einer Temperatur
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von T = 444 K konnten Information hinsichtlich der Dimensionalitit des Lithium-Diffusionsprozesses
experimentell ermittelt werden und die Zwei-Dimensionalitit des Diffusionsprozesses konnte belegt
werden. Mit steigendem Lithiumgehalt x verringert sich auch die Diffusivitdt in dem Festkorper.

(1) 7Li—NMR—Relaxationsmessungen im Laborkoordinatensystem sowie im rotierenden Koordi-
natensystem wurden verwendet um Li-Sprungraten eines LLZTO-Einkristalls mit der nominalen
Zusammensetzung LigLa3ZrTaOq9 zu messen. Die erhaltenen Daten spiegeln das Verhalten eines
modifizierten Bloembergen-Purcell-Pound-type (BPP) Models, das auf einer lorentz-férmigen Spek-
traldichtefunktion basiert, perfekt wider. Zusétzlich zu diesem sehr schnellen Ionenleiter wurde ein
weiteres Material zugehorig zur Gruppe der Lithiumoxide Li; ,LagZry ,Bi Oqy, ein Granat, untersucht.
Bei diesem Material wurde der Einfluss von Fremdatomen, unterschiedlicher Bismuth-Gehélter x (mit
z = 0.10, 0.20, ..., 1.00) mittels 7Li—Spin—Gitter—Relaxation—NMR (SLR) untersucht. Die Ergebnisse
deuten darauf hin, dass schnelle Lithiumdiffusion nur bei hoheren Bismuth-Gehéltern im Material
beobachtet werden kann.

(iti) Der Einfluss von struktureller Unordnung, d.h. die Nanostrukturierung des Materials inkl.
dem Erzeugen von Fehlstellen und Defekten, auf die Lithiumdiffusivitdt im kristallinen Schichtsilikat
Petalit LiAlSi O und in einem Petalit-Glas (Glas mit Petalit-Zusammensetzung) wurde mittels
Festkorper-NMR und Impedanzspektroskopie (1s) untersucht. Die Nanostrukturierung erfolgte durch
Hochenergie-Kugelmahlen des Materials in einer Planetenmiihle. Das Mahlen der kristallinen Petalit-
Probe fiihrt zu einer Verbesserung/Steigerung der Leitfdhigkeit {iber mehrere GroBenordnungen. Das
exakte Gegenteil wird beobachtet wenn das LiAlSi;O;y Glas gemahlen wird. Die Lithium-Ionen
Leitfahigkeiten beider Proben, kristallin sowie glasig, konvergieren mit steigender Mahlzeit, d.h. bei
ausreichend langer Mahlzeit verhalten sich beide Materialien nahezu ident.

(iv) Die Mischung einer ionischen Fliissigkeit mit einem Lithium-Salz stellt eine neue Konzept-
Klasse von Elektrolyten fiir Hochtemperatur-Lithium-Ionenbatterien dar. Dieses Konzept wurde
"ionische Fliissigkeit-in-Salz" getauft. "Li NMR wurde verwendet, um lokale elektronische Strukturen
sowie die Li"-Selbstdiffusion in LiTFSI gemischt mit Li,EMIM{_, TFSI mit z = 0.9 zu untersuchen. Durch
die Aufnahme von NMR-Experimenten mit Wartezeiten von bis zu 1000s kann man die gut ausgepragten
zweifach-exponentiellen "Li-SLR-NMR-Transienten so auswerten, dass man die "schnellen" Li Ionen
der Mischung von den "langsameren" Li Ionen des reinen LiTFsI trennen kann. Diese hochmobilen
Tonen konnten teilweise als [Li(TFSI),]” identifiziert werden und diese Spezies ist vermutlich auch daftr
verantwortlich, dass es zu einer enormen Verbesserung der Leitfihigkeiten bei hohen Temperaturen

kommt.

Stichworte: Li-Ionen Dynamik, Festkérper NMR Spektroskopie, Impendanzspektroskopie
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Introduction

In today’s society, energy storage plays an indispensable role. The demand for improvements in the
worldwide living standards of humankind is beyond dispute; the direct consequence of this irresistible
trend is worldwide increasing energy consumption.[1] This desire created an intensive (over-)usage
of fossile fuels causing an human-induced climate change. For the benefit of humankind, today’s
society is pursuing a more sustainable way by reducing air pollution, minimizing waste and reducing
greenhouse gas emissions.[2] The exorbitant use of fossile resources has led to increased CO, production,
which is responsible for global warming.[3] Renewable energy resources will play a crucial role in the
world’s future since renewable, green resources will have to step in to stop this irreversible impact of
humankind on the environment. However, renewable energy sources, e.g. solar energy, wind energy,
are non-continuous energy sources, since these sources are typically periodic or intermittent, they
cannot supply the demand of energy at all times. Besides, most renewable energy sources (except
biomass energy and hydro energy) can neither be transported nor stored without converting them to
electricity. The storage of energy generated by renewable sources would allow the creation of a steady
and reliable energy supply.[4]

Secondary Li-ion batteries are currently offering the highest energy density among the rechargeable
battery technologies. Long-time application of Li-ion batteries will require a continual improvement of
two major aspects — performance and safety. The volatile and flammable liquid electrolyte represents
a serious safety issue in conventional batteries. Although the electrolyte aids the Li-ion transport
in a battery, there is always a chance of leakage. In addition, the formation of dendrites of Li in a
liquid electrolyte battery can lead to explosion. All-solid-state batteries can help to overcome the
electrolyte safety issue, since the liquid electrolyte is replaced with a fast conducting solid.[5] The
advantage of all-solid-state batteries besides increased safety is the potential reduction of volume and
net weight of the battery itself as well as greater energy output. The introduction of alternative forms

of transportation such as hybrid vehicles and plug-in electric cars have created a higher demand for
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efficient energy storage systems. The key to the success of enhancing the performance of batteries
are the materials.[6, 7] The development of new electrode and electrolyte materials is, besides the
improvement of known materials, inevitable. Improving known materials can be as effective as the
synthesis of completely new materials. Since the ionic transport in solids is strongly governed by
structural disorder, defects and particle size, the introduction of such via high-energy ball milling can
result in an enhancement of the Li diffusivity.[8-11]

A key criteria in the field of materials research is the understanding of the origins of fast ion
transport, hence the detailed characterization of ion dynamics in the material is crucial.[12, 13] An
appropriate tool to study ion dynamics is solid-state nuclear magnetic resonance (NMR) spectroscopy,
allowing the characterization of diffusion parameters on a quite large time and length scale. A
great variety of techniques can be employed to cover short- and long-range jumps from sub-Hz to
GHz. Spin-lattice relaxation (SLR) measurements as a function of temperature can be employed to
record so-called relaxation rates R. The rate peak maximum can provide information on Li diffusion
parameters such as the activation energy F,, the Li jump rate 7 and the self-diffusion coefficient D.
The influence of correlation effects and dimensionality of the diffusion process can be accessed by
frequency-dependent spin-lattice NMR measurements. Furthermore, spin-alignment echo (SAE) NMR
measurements can directly access the jump rate of a single spin.

This work focuses on the characterization of diffusion processes in solids by using a large portfolio
of various NMR techniques. Impedance spectroscopy (1s) is used as a complementary technique to
determine the conductivity of a material by applying a frequency dependent electric field.

This thesis will start with a short introduction into the fundamentals of diffusion (section 2). It is
followed by a section providing information on the principles of the two major methods used, namely
solid-state NMR (section 2.4) and impedance spectroscopy (section 2.5). In Chapter 3, results are
presented in a cumulative form of published (and peer-reviewed) articles. The thesis will conclude with
a short summary and an outlook regarding future work (section 4). In the appendices supplemental
material (A) of the papers and experimental information on setup (B) and pulse sequences (B.2) will
be found.



Principles of diffusion in solids

2.1 Fundamentals of diffusion

"diffundere" — a Latin word with the meaning "to spread out". Diffusion is the movement of matter
against a concentration gradient driven by their thermal motion. Diffusion can be found in liquids,
gases and solids.[14] The motion of particles in the liquid or gas phase is a completely random process
and particles are usually moving from an area of high concentration to an area of lower concentration
until they reach a thermodynamic equilibrium. The relationship between the flux of particles and the
concentration can be described by Fick’s laws. Fick’s first law describes the particle flux (diffusion of

particles) along an arbitrary direction z in an isotropic medium.

. Jdc

The variable j, is the particle flux and 9¢/az the concentration gradient across the z-direction; D
denotes the diffusion coefficient or diffusivity. The diffusion flux is inversely proportional to the
concentration gradient as indicated by the minus sign. As the diffusion process is not limited to a
single dimension, equation 2.1 can be generalized to three dimensions by a shift to vector quantities
according to

j =—-DVe. (2.2)

Here, the vector of the particle flux in all three dimensions (z, y and z) is represented by j in
the direction of the concentration gradient vector V C. The symbol nabla V stands for the vector
differential operator in all three dimensions V = (8/ox, 9/ay, 9/8z). Here, D is dependent on the
direction of the concentration gradient and is represented by a tensor D. For polycrystalline solids,
where no macroscopic crystalline orientation can be found, an average diffusion coefficient is used

to describe diffusion D = (D). Since the particle flux in solids is almost impossible to determine,
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equation 2.2 is combined with the equation of continuity:

dc .

to give Fick’s second law (also known as diffusion equation):

dc
— =V(DVC0O). (2.4)
ot
Equation 2.4 is only valid under the assumption that the number of moving particles is constant.
Fick’s second law of diffusion from equation 2.4 is a partial differential equation with non-linear
solution in case of D being dependent on the concentration. In case of concentration independent
diffusion, equation 2.4 can be simplified to:

dc

== = DV?c = DA, (2.5)
ot
where for given initial and boundary conditions, A denotes to the Laplace operator A = V2 =
0% /o2* + 8% /oy® + 8%/02*. This form of Fick’s second law is also known as the linear diffusion equation.
For further information, the reader is referred to the works of Murch and Mehrer.[15, 16] In many

cases, the temperature dependence of the diffusion coefficient follows an Arrhenius law:

AH
D = Dgexp () , 2.6
vear ( (26)

where Dy denotes the pre-exponential factor, AH the activation enthalpy, T' the temperature and kg
the Boltzmann constant. In case of constant pressure, the activation enthalpy is given by

AH = AE + pAV. (2.7)

As we are dealing with diffusion in solids the volume term can be neglected and AH complies the
activation energy AE":

E
D = Dyexp <a> . 2.8
oeon (1 28)

2.2 Diffusion in solids

Matter exists in four different fundamental states — solid, liquid, gas and plasma. A solid is characterized
by structural rigidity and possesses a well-defined shape and volume. In solids, particles (atoms,
molecules or ions) are generally held together by intramolecular (ionic-, metallic- and covalent bonding)
and/or intramolecular (van der Walls forces and hydrogen bonds) chemical bonds. There are two
major categories of solids — crystalline solids and amorphous solids (see figure 2.1). The chemical
properties of a solid strongly depend on the modification (crystalline, amorphous and nanocrystalline)
of the particles present.

'AFE is referred to as E,
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Figure 2.1 — Simplified sketches of various modifications of solids. a) shows long-range order as seen in
crystalline materials (here with an additional single vacancy), b) shows regions of short-range order as seen in
amorphous solids (here with several defects) and ¢) shows regions of crystalline areas imbedded in an
amorphous matrix as seen in nanocrystalline materials.

Crystalline solids are substances with a well-defined and distinct arrangement of particles also
known as long-range order. The crystalline arrangement of particles can be described by Bravais-
lattices.[17] Each atom or ion has a distinct position in the crystal lattice and can only move between
these given positions. Crystals exhibit a defined and regular geometric pattern and feature long-range
as well as short-range order (periodic repetition of arrangements over the entire crystal). A crystalline
solid is an anisotropic material meaning that physical properties are dependent on the direction of the
crystallites. A single crystal is a material with a perfect crystal lattice; no defects and grain boundaries
often provide the single crystal with exceptional electric, mechanical and/or optical properties.

Nanocrystalline solids describe a subcategory of solids. A nanocrystalline material is by definition
a polycrystalline material with a particle size of less than 100 nm in at least one dimension. Generally,
nanocrystalline solids feature a large surface area due to a crystallite size of less than 20 nm. As
seen in the illustration in figure 2.1c, a nanocrystalline solid can be composed of two different phases:
(¢) arbitrary arranged polycrystallites with a size of 5 - 50 nm and (i) areas of grain boundaries
or interfacial regions. Although nanocrystalline materials are usually synthesized starting from
corresponding atomic or molecular building blocks, physical and chemical properties often vary
significantly between the materials.

Amorphous solids or non-crystalline solids are substances without any long-range order in the
positions of particles present. However, particles can arrange regularly in a small region creating
a short-range order. In contrast to the crystalline counterpart, amorphous solids exhibit isotropic
behavior meaning that their properties are identical in all directions. Usually amorphous materials
and glasses are synthesized by rapid melt quenching. Crystalline materials are heated above their
melting temperature to destroy their well-defined structure and are then rapidly cooled down to avoid
recrystallization of the material. The term glass is used to describe amorphous solids if the process is
occurring below the glass transition temperature Tg.[18] An ideal glass would be the exact opposite

of an ideal crystal, there would be no structural order present in all respects.

2.2.1 Defects in crystal structures

The perfect lattice structure of crystals is a theoretical conception, since nature chooses imperfect

lattices. In fact, imperfections (defects) are essential to the transport of atoms in a material, since
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without defects migration of atoms can not be observed. Therefore, no diffusion would be found in an
ideal crystal without any atomic imperfections. Even crystals of high purity under stable conditions
contain point defects in their thermal equilibrium. Diffusion transport mechanisms require a vacant
site or a displacement of atoms from their standard lattice sites into interstitial positions or onto
different lattice site — defects play a key role in ion diffusion processes. These vacancies or defects in
crystalline solids can derived from construction faults of the real lattice. Traditionally, lattice defects

are classified according to their dimensionality:

Zero-dimensional defects

We are speaking of zero-dimensional effects or point defects when an isolated site of the crystal lattice
is affected. Point defects can be further subdivided into intrinsic and extrinsic defects. Intrinsic

defects occur in pure materials whereas extrinsic defects are caused by impurity atoms.

a) Schottky defect b) Frenkel defect c) substitution
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Figure 2.2 — Sketches of various point defects in solids.

A Schottky defect is a neutral defect involving a vacancy on both the cation and the anion sublattice.
The pair displacement of atoms from their regular lattice position creating vacancy in the standard
lattice onto a interstitial position creating an interstitial is called Frenkel defect. Since the vacancy is
compensated by the interstitial, the Frenkel defect is a neutral defect. In materials with weak ionized
atoms, it is energetically possible for cations and anions to switch sites, so if a cation substitutes
an anion and/or vice versa, we are speaking of so-called anti-site defects. Extrinsic point defects
involve foreign atoms; these can be added intentionally caused or exist as impurities if they are not.
In general, small atoms are found in interstitial sites whereas larger atoms occupy lattice sites. The
intentional insertion of foreign atoms is called doping and can be homo- or heterovalent depending
on the atom used. Heterovalent doping will result in an excess charge, which will be compensated
by the creation of additional vacancies of the opposite valency or interstitials to preserve charge
neutrality. Homovalent doping usually occurs on a lattice site and results in a distortion in the crystal
lattice. Depending on the size of the dopant, the incorporation of the dopant leads to an expansion
or contraction of the crystal lattice. These point defects are especially important for conducting
materials since they can affect the properties of the material and, as a direct consequence, properly

introduced defects can be used to control electrical properties.
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One-dimensional defects

One-dimensional defects are dislocations and line defects resulting from the mislocation of the lattice
planes in a crystal. Two different cases of dislocations can be distinguished: edge dislocations and
screw dislocations; these defects often occur together as mized dislocations.[19] A schematic drawing
of these one-dimensional defects can be found in figure 2.3. Dislocations move easily on their glide

planes and their motion produce plastic deformation of the crystal lattice.

2)

VAN
(Y
[

Figure 2.3 — Illustration of one-dimensional defects in crystals. a) sketch of an edge dislocation and b)
sketch of a screw dislocation.

Two-dimensional defects

Two-dimensional defects are planar defects and include stacking faults and grain boundaries. These
defects have two important features. First, due to the fact that they are surfaces in the crystal
they show a particular atomic structure that is dependent on the orientation. Second, all these
defects have a positive energy. Grain boundaries are interfaces that separate crystallites (grains).
Such separation can occur between crystallites in the same phase if differently orientated or between
crystallites of separate phases. A stacking fault is an error in the ordering of crystallographic planes
(sequences).[16, 19-22]

Three-dimensional defects

Three-dimensional defects alter the crystal pattern over a finite volume, hence they are called bulk (or
volume) defects. This class of defects include precipitates, voids or inclusions of second-phase particles.
Precipitates are small clusters of impurities, usually of a different phase, within a crystal structure.

Voids are empty areas created by a large number of vacancies.[23]

2.2.2 Mechanisms of diffusion

As above-mentioned, defects are essential to the migration of atoms in a material. The migration
of atoms in solids can be described by various diffusion mechanisms. A brief overview on the most
common diffusion mechanisms is illustrated in figure 2.4. For more detailed information see, e.g., Refs.
[16] and [24].
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Figure 2.4 — Schematic representation of various diffusion mechanisms in solids. [15, 16, 25]

Vacancy mechanism

The vacancy mechanism is considered to be the most important diffusion mechanism in solids
(illustrated in figure 2.4a). Atoms are simply exchanging positions with adjacent vacancies. In general,
the diffusivity is determined by the availability and the mobility of the vacancies. The mechanism
plays a crucial role in metals and alloys, since it is the preferred mechanism for both host and solute
atoms.

Divacancy mechanism

The divacancy mechanism is quite similar to the vacancy mechanism. In case of an existing binding
energy with the tendency to create agglomerates of vacancies (divacancies, trivacancies etc.), diffusion
can occur via these agglomerates of vacancies. An illustration of a divacancy mechanism can be
found in figure 2.4b. The formation of agglomerates is favored at higher temperatures and often show
increased diffusivities compared to monovacancies, e.g., in fcc metals. The self-diffusion in fcc metals
is caused by monovacancy- as well as by the divacancy mechanism.

Interstitial mechanism

The (direct) interstitial mechanism does not require any defects in the crystal lattice. The interstitial
atom can jump from one interstitial site to another without directly involving other atoms of the
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lattice as shown in figure 2.4c. The mechanism is direct - the interstitial atom can migrate without

slowdown. Therefore, the diffusion coefficient is usually higher compared to other mechanisms.

Interstitialcy mechanism

In case of nearly equally sized interstitial- and lattice atoms, diffusion can occur by (indirect)
interstitialcy mechanism. The mechanism is illustrated in figure 2.4d - two atoms, an interstitial atom
and a lattice atom, move together simultaneously as a collective. The interstitial atom jumps to a

regular lattice site, whereas the lattice atom moves to an interstitial position.

Interstitial-substitutional mechanisms

Solute atoms can be dissolved on both interstitial and substitutional sites respectively. Diffusion can
occur either by the way of a dissociative mechanism and/or by the kick-out mechanism. In both,
instances an interstitial solute first diffuses via the interstitial mechanism. The initial interstitial
mechanism in combination with a vacancy to form a substitutional solute is known as the dissociative
mechanism. In the kick-out mechanism, the interstitial solute interacts with a regular lattice atom via

the interstitialcy mechanism.

2.3 Determination of diffusion parameter

There are various methods available for the determination of diffusion parameters. These methods
can be grouped into two major method categories, microscopic and macroscopic methods. Besides
these two classes, we can subdivide methods further into nuclear and non-nuclear methods. Nuclear
methods incorporate the usage of stable (NMR spectroscopy) or radioactive (S-NMR) nuclei to measure
diffusivity. Figure 2.5 illustrates an overview on some well-established methods including an estimation
for the order of magnitude of diffusivity Dl A complete description of all these methods would be
beyond the scope of this thesis. Therefore, only the two most relevant methods for this thesis - NMR
spectroscopy and impedance spectroscopy - will be discussed in more detail in the following sections
2.4 and 2.5 respectively.

102 1020 101 1010 DT /m?/s
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o tracer diffusion
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< stimulated echo NMR QENS
g MS
- |
s | | | | »
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Figure 2.5 — Overview on macro- and microscopic methods for the determination of diffusion parameters in
solids (adapted from [26]). The scales indicate the order of magnitude of the diffusivity D" and the
correlation time 7. recorded with these methods.
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All macroscopic methods, with the exception of field gradient (FG) NMR, are direct methods
depending directly on Fick’s laws. These direct methods involve the recording of concentration profiles
and are sensitive to long-range diffusion. In contrast, microscopic methods or indirect methods are not
based on Fick’s laws. Indirect methods study phenomena influenced by diffusion processes and need
a microscopic model of the atomic jump process in order to deduce diffusion coefficients. Indirect
methods can be further subdivided into relazation methods and nuclear methods. These diffusion
coefficients are compulsory approximations to those measured by direct means. Nuclear methods study
diffusion processes on a microscopic level. These include Mossbauer spectroscopy (Ms), quasielastic
neutron scattering (QENS) and nuclear magnetic relaxation (NMR), whereby the latter covers the
widest range of diffusivities among nuclear methods (overview on various NMR experiments used in
this work can be found in figure 2.6).

sub-Hz Hz kHz Mhyz ... GHz
JIIII M — | | |
| ] 67Li stimulated echoes
[ 2D (MAS) NMR
slow dynamics — Tyt fast dynamics
—/n!
I
« | BT
- [ [ [ [ w
100 10° 10° 1010 Lyt

Figure 2.6 — A more detailed overview on NMR techniques used in this work. The scales indicate the order of
magnitude of the diffusivity DT and the correlation time T, recorded with these methods.

2.4 Solid-state nuclear magnetic resonance

The days when nuclear magnetic resonance (NMR) was a technique employable solely on solution-state
samples have long since gone. Roots of NMR spectroscopy go back to mid 1940s when Purcell and
Bloch experimentally demonstrated independently from each other that a magnetic nuclei can absorb
radio frequency (RF) energy if placed in a magnetic field. Both, Purcell and Bloch were awarded
the Nobel Prize in Physics in 1952 "for their development of new methods for nuclear magnetic
precision measurements and discoveries in connection therewith".[27] In the last decades, solid-state
NMR spectroscopy has become a truly useful method, employable to a very wide range of samples.
Especially in the field of battery research, NMR spectroscopy plays a crucial role to access features of
molecular structure and molecular dynamics. The following section will provide a short introduction
to the theoretical basics of nuclear magnetic resonance and will explain some NMR techniques, such as

relaxzometry and spin-echo alignment, in more detail.[28—-34]

2.4.1 Basics of NMR

Vector model of pulsed NMR

Nuclear magnetic resonance is the phenomenon observed from the interaction of a nucleus with a

nuclear spin angular momentum I 2 (also known as nuclear spin) with a magnetic field. In case of

Zbold letters outline a vector
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I # 0, nuclei possess a dipolar magnetic moment p. In the semi-classical model of NMR only the
net magnetization M of a material and its behaviour in a magnetic field is considered, whereas the

former is the vectorial sum of all the individual magnetic moments according to:
i

where p; is the magnetic moment associated with the ¢th nucleus. The magnetic moment p is

connected to the nuclear spin momentum I by:

p=nl. (2.10)

where ~ denotes the magnetogyric ratio (also known as gyromagnetic ratio), which is a nucleus-
dependent constant. The spin angular momentum I is defined by the spin quantum number [
according to:

[I| =+/I(I+1)h, (2.11)

with I =0, 1/2, 1, 3/2,... and h denotes the Planck constant h = % NMR measurements are possible
for nuclei with a spin I of I > 1/2. The net magnetization can be written according to:

M =~J, (2.12)

where J denotes the net nuclear spin angular momentum giving rise to the magnetization M. When
the nuclei are exposed to an external magnetic field By, as it is the case in an NMR experiment, the

magnet moment p experiences by a torque T resulting in a time-dependent precession of the spins:

dJ
T_

== (2.13)

In analogy, the torque is given by
T=M x B. (2.14)

By combining equations 2.10 and 2.13, the time-dependent motion of the magnetization vector M in
the field B can be described

The direction of magnetic field is usually taken along z by convention and is labelled By, i.e. B=(0, 0,
By) in above equations. Equation 2.15 predicts that M precesses about with a constant rate w = yB.
The frequency of the spin precession in By is defined as wq, the Larmor frequency (an illustration of

the precession in static field is provided in figure 2.7 on page 13):

Zeeman splitting

The hamiltonian A (also called Zeeman hamiltonian) is used to describe interaction of the magnetic

moment p with a static magnetic field B and is given by

H = —j- By, (2.17)
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where [i is the nuclear magnetic moment operator. This operator can be written in terms of the
nuclear spin operator I as
f=~hi. (2.18)

Taking the applied field By along z-direction, by combining 2.17 and 2.18, the Zeeman hamiltonian is
H = —~fe,By = —yhiB,, (2.19)

with e, being the unit vector co-directional with the z axis. The eigenfunctions of H are wavefunctions
used to describe the possible states of a spin system in the magnetic field B(,. As H is proportional to
the operator I, the eigenfunctions of I, are the eigenfunctions of H. Eigenfunctions can be written
as |I,m) in bra-ket notation or as ¥y, with I, where I denotes the nuclear spin quantum number.
As mentioned above, the spin quantum number I can take half or integer values (or zero), while the
quantum number m can take 27 + 1 values, m = I, 1 — 1,1 —2,...,—I. The eigenvalues of H are then
the energy levels £y ,, the given spin system can take. The eigenvalues are obtained from operating
with A on the spin wavefunction:

H|I,m) = Er,|I,m), (2.20)

with Ey,,, corresponding to the energy of |I,m). Substituting equation 2.19 for A give:
A|L,m) = —(yhBo) L|I,m) = —(vhBy)mlI,m), (2.21)

The energies of the eigenstates can be calculated by comparing equations 2.20 and 2.21:
Erm = —vhmB. (2.22)

The energy levels (also known as Zeeman levels) are equidistant to each other, hence the difference

between the levels can be used to calculate the transition energy AFE of adjacent levels according to:

Wo = —’}/.BO7 (224)

where wy donates the resonance frequency. At equilibrium, assuming non-interacting spins, the
distribution of the eigenstates ¥ follows a Boltzmann distribution. This phenomena is also known as
Zeeman splitting. Nuclei with I > 1/2 can exist in one of 2/ + 1 eigenstates ¥ ,,, with a corresponding

energy Fw, the population py of each eigenstate ¥ is given by

_ exp(—Ey/kT
by = Soexp(—Ey /KT’
‘I’r/

(2.25)

where Ey is the corresponding energy of the eigenstate ¥. For a spin-1/2 nucleus ), _ ., /2 exp(—FE,,/kT)
~ 2. In figure 2.7 the Zeeman splitting potential energy Fy into 21 4+ 1 equidistant energy levels is
illustrated for a 'Li nuclei with I = 3/2.
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Figure 2.7 — a) Precession of the magnetization vector M in a static field By. b) Zeeman splitting of the
nuclear energy level produced from the interaction of the nuclear spins with a static field B. Here, the
splitting of the potential energy Fy into 21 + 1 equidistant energy levels for a "Li nuclei with a spin I = 3/2
in an applied field B with a positive vy is shown.

The transition of a spin system between energy levels is given by the condition Am = £1 (a
transition is only possible if the quantum number m is changed by 1). Hence, following this transition
rule, the relative population of two eigenstates (p,,, p,,—1) is temperature-dependent and follows a
Boltzmann distribution according to:

Pm—1 _(Em—l — Em):| |:_’YhBO:|
=erp| ——— | =exp | ——| . 2.26
Pm [ kBT ( )

The effect of radio-frequency pulses

As mentioned in the beginning of this section, NMR experiments measure the net magnetization M of
N nuclear spins in the field B, which is given by the vectorial sum of all the individual magnetic

moments according to:
N
M=> p, (2.9)
i

At thermal equilibrium M = M, the magnetic moment precesses in the field By along the z-axis
so that M, = M, and M, = M, = 0. During an NMR experiment, an RF pulse will introduce an
additional oscillating magnetic field, By, with an angular frequency wgy into the spin system. If the
additional field is taken to oscillate along z, the total field felt by the nucleus is given by:

Biota = By + By = €,2B;cos(wyyt) + €. By, (2.27)

where e, and e, are unit vectors along = and z respectively. The hamiltonian, H, can be written in
analogy to equation 2.17 and 2.19:

A= —f - Byopar = _’Y(szO + facBlcos(wRFt))' (2.28)
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The linear oscillating field can be described via a superposition of two counter rotating circular

polarized fields with one rotating with wgr about the z-axis and one rotating anti-clockwise with

—wgp. By using the resonance condition from equation 2.23 and wy; = —yBj, the hamiltonian can be
written as:
H = wol, +w; [(Icos(wgst) + fysm(wRFt)) + (L cos(wppt) — fysin(wRFt))] . (2.29)

Since, only one of the components has any net-effect on the spin system, the second term addressing
the rotation with —wgp can be neglected. The hamiltonian can be rewritten by using the identiy

3

I, cos(wpyt) + fysin(wRyFt) = ¢ Tt Ientntls (taken from textbook [34]) as:
H = wyl, + wlef%w“t[zfme%w“”z (2.30)

In order to find the wave-functions ¥, corresponding to H, we have to solve the time-dependent
Schrédinger equation:

ih ¥ = O, (2.31)
ot

with ¥ being the corresponding time-dependent wavefunction. By switching into the rotating frame

of reference and introducing the rotation operator R, (wypt) = e_%w"“'ﬂz, we can remove the time-
dependence of the hamiltonian (equation 2.28) and the hamiltonian and the wavefunction in the new
frame can be written as:

Y = R () ¥ = e“nrtY, (2.32)

A A1 A A N ~ N
i = R, (wRFt)HRZ (wRFt> —wppl, = (WO - WRF)IZ + w1y, (2.33)

where the hamiltonian and the wavefunctions in the new rotating frame of reference are marked by
an apostrophe. In case of a resonant field with wy, = wy, the Schrédinger equation can simplified
according to:
N o g o’ 2 w!
z'h—t‘l’ =HY =w 1, Y. (2.34)
o

In the presence of By the population of the Zeeman levels oscillate with the frequency wi /2= along the
z-axis. Since the net magnetization depends on the population of the Zeeman levels, the magnetization
can be rotated about the z-axis with an angle 6 by adjusting the pulse length ¢,,:

0= wlTp (235)

In case of a spin-1/2 system at equilibrium state, the populations p_,, of two states can be manipulated
by using an RF-pulse with the duration w;t, = 7/2 resulting in two equally populated states according
t0 py1/5(tp) = p_1/,(tp). Hence, the net magnetization along z-axis is zero; this manipulation is known
as a m/2-pulse. In case of using an RF-pulse with the duration w;t, = 7/w,, the initial magnetization

will be inverted, this is then known as a 7-pulse.

Dipolar coupling

Each nuclear spin has a magnetic moment, ft = I, and these can interact through space with each

other - this interaction is known as dipole-dipole coupling or direct dipolar coupling. This type of
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coupling is different from scalar (J) coupling, which is an indirect dipolar coupling mediated by local

electrons.

The dipole-dipole interaction strongly depends on the internuclear distance 1/r* with r being the
internuclear distance. The interaction energy between two point magnetic dipoles, p; and po, is given
by:

(2.36)

7"3 o 4’

. . ’,‘ . ’,‘
U:{“l H2_3(H1 ) (2 )}No
where r denotes the vector between the point magnetic dipoles and iy being the vacuum permeability.
Quantum mechanically, the magnetic moment operator fi can be written in terms of the nuclear spin
operator I as fi = vhl, according to equation 2.18. Hence, the hamiltonian for dipole-dipole coupling,

ﬁdd, between two nuclear spins, k and [, can be expressed as:

N R T " 5
Hyy = 4*0%(11@11 = 3[(Lpew) (Liew)]), (2.37)
T Tk

where 7y, is the distance and e;; being the unit vector between the spins k£ and /. By expanding
the scalar products of equation 2.37 and switching to spherical coordinates, the hamiltonian can be
rewritten as:

Hyy=20%01A 4 B4 C+D+E+F), (2.38)
47 T’?}l

with the terms A to F:
A = IZI7 (1 - 3cos®0y,),
B— —i(f,jf; I ER) (1= Beos?0y).
C= fg(f,jff + IF 1) sinfyycosbye "%,

R » (2.39)

D= _Q(Ik I7 + I; 1] ) sinfy costye Pr
E= zf;ﬁ_sin%‘kle*ﬂe“,
F= f%f,;f;szn%)kle*mkl.

I ,j v} l+ and I ko I ; are the raising and lowering operators for the spin & and [. The terms C to F' can

be neglected from equation 2.38 and resulting secular part of the hamiltonian can be rewritten for
homonuclear interaction according to:[30, 34]

. 1 2
e, = —5%2%(%11 — BIFIF) (1 - 3cos”Oy), (2.40)
kl

where the identities v, = v, = v; and [ [, + I, [;" = 2(£, 1, — I} I7) have been used. In case of
heteronuclear interaction only the term A contributes and the hamiltonian can be written by using
the identify v;, # v; as:[30, 34]

abgtere = LOTR 2 72 (1 — 3c0s%0),). (2.41)
47T Irkl
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The direct dipole-dipole coupling is a short-range interaction between (ﬁdd x r_3) direct neighbors.
In general, it is several orders of magnitude weaker compared to the Zeeman interaction and is
responsible for the line-broadening of the resonance line as well as relaxation processes.

Quadrupolar coupling

All NMR active nuclei with a spin I > 1 are termed quadrupolar. Such nuclei possess a nuclear
quadrupole moment e@, that is able to interact with an electric field gradient EFG present at the
nuclear site. An EFG arises from the local electronic structure of nuclei with a non-cubic symmetry.
The quadrupole hamiltonian to describe the interaction between a nuclear electric quadrupole and an

N e A A
O,=—" _j.v.i 2.42
QT 22 —1)n ’ (242)

EFG V can be written as:

with V' being the EFG tensor at the nuclear site, @) being the electric quadrupole moment, e being the
proton charge and I is the nuclear spin vector. In its principal axis frame (PAF), V' can be described
by using a 3x3 by its the diagonal entries Vx x, Vyy and V5 as principal values. Since the EFG
tensor is traceless, i.e. Vxx + Vyy +Vzz =0, V can be described by using two parameters, namely

eg, the anisotropy of the EFG tensor, and 7, the (quadrupolar) asymmetry parameter.

Vix — W

eq=Vyy and Vs ,

where e is the proton charge. In turn, the quadrupole coupling constant Cgy can be used as a parameter

instead of eq:

2
0. = VzzeQ _ €7qQ
@ n h
with h being the reduced Planck constant and Cg being given in angular frequency units. By

(2.44)

expanding the tensor product of equation 2.42; the hamiltonian can be expressed in the PAF frame by
using equation 2.43 and 2.44 as:

5 Co

_ £2 22 £ #2
HQ—4I(21_1)[3IZ I —|—17Q(IX ). (2.45)

In general, the Zeeman interaction dominates over the quadrupolar interaction, i.c. |H,|| > |[Hg].
Hence, only the secular part of the Hamilton operator is important for the determination of the
quadrupole coupling. In order to use ﬁQ7 the quadrupolar hamiltonian has to be expressed in the
laboratory frame by rotating the principle axis frame (X, Y and Z) into the frame of the Zeeman
hamiltonian (z, y, z). Polar coordinates (6 and ¢) are used to describe to orientation of the PAF with
respect to the external magnetic field By.

AN = &(SIA2 — 1*)(3c0s%0 — 1 + npsin®0cos2e) (2.46)

@ T RuI(2I—1)"F Q ' ‘

The energy of the Zeeman level shift for a given I can be expressed by using the time-dependent
Schrédinger equation H |1, M) = E¢|I,m) as:

B = rar s (m — 1+ 1)1(0.0) (247
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The orientation of the EFG is abbreviated by:
1(6,9) = 3cos?0 — 1+ anin200052¢. (2.48)

For nuclei with I = 3/2 the Zeeman levels are shifted as follows:

B hCq f(8,9)
Q 8

hCof(6
and  EG = _ NG/ (6,9) (2.49)
8
In this case, the transition m = +1/2 — —1/2, being the central transition, is unaffected by quadrupolar
anisotropy, whereas the transitions from m = +3/2 — +1/2 and m = —1/2 — —3/2, being the satellite
transition, are raised or lowered by the quadrupole frequency wg. As a result of the quadrupole
coupling, the satellite transitions are removed from the Larmor frequency by (2m — 1)wg with m
being the initial Zeeman level of the transition, and wg - the quadrupole splitting can be described as:
362qQ 1

o= Tt 2 (050 1) + i deosaol, (2:50)

CQ >0
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Figure 2.8 — Schematic illustration of the Zeeman level splitting with and without quadrupole interaction
for a spin-3/2 nucleus with Cg > 0.

As for non-integer spin nuclei, the NMR spectra will show one central line with 27 — 1 additional
satellite resonances. In a solid powder sample, a distribution of the EFG can be observed, since the
crystallites are randomly orientated. This is the reason for occurrence of a so-called powder pattern,
e.g. in figure 2.9b) for an uniaxial EFG tensor (1g 7 0). The satellite lines can be used to directly
read off the value of the quadrupole coupling constant Cy,, since it is given by the distance between
the outer shoulders. A single crystal will only give two satellite lines at the position wy +wg, e.g. in

figure 2.9a for a non-zero quadrupole frequency.
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Figure 2.9 — Schematic illustration of the NMR spectra of spin-3/2 nuclei for a) a single crystalline sample
with a non-zero quadrupole frequency, i.e. f(0,$) # 0, and b) a powder sample with an uniaxial EFG tensor,
i.e. ng = 0. Dipolar coupling is taken into account in both spectra.



18 | Principles of diffusion in solids

2.4.2 NMR relaxation and diffusion

In an external magnetic field By, a given spin system is in its thermal equilibrium with its surroundings,
also known as the lattice, and the population of the Zeeman levels is given by the Boltzmann distribution.
This population can be disturbed by applying a resonant RF pulse. After the perturbation of the
spin system, interactions with the temporal fluctuations of the local field will have the system to
return to thermal equilibrium. This process is known as nuclear spin (or NMR) relazation. There are
two different types of relaxation processes known, the first one is the spin-lattice relazation (SLR) or
longitudinal relaxation, which occurs with the characteristic time constant 77. This relaxation type
occurs along the direction of the applied field. The second process occurs perpendicular to the applied
field and is concerned with the decay of single-quantum coherences. The relaxation process is called

spin-spin relazation (SSR) or transverse relazation and occurs with the time constant 7.

In general, field-fluctuations are induced by spin-carrying nuclei themselves in a static lattice,
i.e., as in this thesis, by moving Li" ions. Hence, investigating NMR relaxation processes can help in
gaining information on diffusion processes in solids.

Relaxation rates and spectral density functions

Spectral density functions J(w) are used to describe relaxation processes. An interaction Hamiltonian
ﬁl can be used to describe the interactions with fluctuating magnetic fields, and in case of spins
I > 1, with the electric field gradient. This interactions can be referred to direct dipole-dipole coupling
and electric quadrupole coupling respectively. Hence, by using the matrix elements of A, the average
ensemble of the transitions between the spin states |k) and |l) can be described by using a correlation
function G(7).

Gr(r) = (K[ (t = 7)) ([ Hy (1)), (2.51)

where the bar denotes this ensemble average. The correlation function G(7) describes the correlation
between the field at a later time 7 with the field at the time 7 = 0. In general the smaller 7, the
more similar the values will be. The mean time period between transition inducing fluctuations is
quantified by the correlation time 7,.. The correlation time is equal to the mean residence time 7 of a
nuclei on its lattice site between two successful jumps. The spectral density function Jy;(w) of the
fluctuating field is given by the Fourier transform of Gy;(7) according to:

Ty (w /le Jexp(—iwT)dT. (2.52)

The spectral density is linked to the spin-lattice relaxation rate R; via the proportionality 77 =
Ry o« J(wp). A relaxation processes will be induced in case of w = wy.[28, 35] Hence, the rates for

homonuclear dipolar relaxation can be written as:

3
T, dd =Ry g9 = =37 R+ D[J, T )(wo) + J§ )(2000]7 (2.53)

3
Tyda = Roaa = 57" W1 +1)[J33) (0) + 1033 (wo) + T (20)], (2.54)
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where I denotes the spin of relaxing nuclei, v their gyromagnetic ration and % is the reduced Planck

(q)

constant. J dg are the spectral densities describing the spin transitions with Am = +¢, where ¢ =0, 1,
2 denotes the changing of the angular momentum.[36] In analogy, the relaxation rates for quadrupolar

interaction can be written as:[28, 35]

_ 9 227 +3
Tig=Riq= 160 (673) 27 —1 115 (wo) + I (2], (2.55)
. 9 (eQ\’ (0 (1) (2)
T = g = — <h) 9 (0) + 1075 (wo) + T2 (20)], (2.56)

with e@ being the electric quadrupole moment of the nuclei. Relaxation rates gained from 75
measurements are only appropriate in case of sufficiently narrowed NMR lines; in the so-called
motional-narrowing regime, where JO (0)7. < 1 holds. Here, the jump rates are in the order of the
inverse SSR rates. In case of J(O)(O)TC > 1, in the so-called rigid-lattice regime, a constant SSR rate
R, is obtained:

Ry = Rog = \/ (Aw?), (2.57)

where (Aw?) denotes the second moment.[28, 30, 37-39] The relaxation rates (equations 2.53 to 2.56)
are describing NMR relaxation rates in the laboratory frame of reference.

The spin-lattice relaxation SLR in the rotating frame of reference is a NMR technique for measuring
very slow ionic motion.[40, 41] As for a spin-locking NMR experiment, a weak locking field B (fle*4
T) formally replaces the static external field By. The equilibrium magnetization M, ., is rotated
into the z-y plane where the magnetization is "locked" by the locking pulse for the duration ¢. The
relaxation rate (SLRp) in the rotating frame of reference can be obtained in a relatively simple way by
using a method introduced by Kelly and Sholl.[35] The spin-lattice relaxation rates for dipolar and

quadrupolar interactions take the form:

_ 3
T 0 = Ripaa = §747‘2I(I + D) (2w)) + 1075 (wo) + I8 (2w0)], (2.58)
_ 9 [eQ\%2I+3

Tio=Ripe = o5 (M> s 787 (21) + 1075 (o) + 15 (20)]. (2.59)

with w; = vBj as the locking frequency.

BPP-Model for 3D diffusion

In order to describe spectral density functions and relaxation rates, a suitable model has to be used
to determine the time-dependency of the correlation functions G(7). A well-established model for
three-dimensional diffusion is the BPP model proposed by Bloembergen, Purcell and Pound.[39] The
model describes the isotropic, three-dimensional motion of nuclei by a single exponential decay of the

autocorrelation function G(7):

G\ (7)) =gl (O)pr(ﬂ)’ (2.60)

Te
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where 7, denotes the correlation time. After Fourier transformation of equation 2.60, the resulting

Lorentzian-shaped spectral density function is given as:

27,

J(Q) — G(Q) 0 .
(@) =CO0)

(2.61)

For short correlation times and for an isotropic distribution of the spins, the ratio of the correlation

functions is:

G90):¢M0): P 0)=6:1:4. (2.62)

Hence, the relaxation rates in the laboratory and in the rotating frame of reference can be expressed
as:

R, =C, [J(l)(wo) +4J8)(2w0)} : (2.63)

Ry = C) [6,](”(0) +107D (wy) + 4J<1>(2wo)] : (2.64)

Ry, =C4, [GJ(l)(2w1) +107W (wp) + 4J(1)(2w0)} . (2.65)

By combining equation 2.61 with equations 2.63 to 2.65 and by simplifying the prefactors C’; to C,
with n = 1, 2, p via the relation C,, = 2G(1)(0)C;L, the rates can be rewritten according to:

T 4T
R, =C ¢ + ¢ , 2.66
! Y + ((.UOTC)2 1+ (ZWOTC)Q] ( )
10T, 4,
Ry = C5 |67, + ¢ —+ ¢ , 2.67
U 1w 1+ (2W07c)2] 290
Ry, = C 67, " 107, n 4T, (2.68)
g ! 1+ (WITC)Q 1+ (2‘*}07—0)2 1+ (2wOTc)2

The correlation time 7, is used to describe the temperature-dependence of the rates by an Arrhenius

law according to:

. [kf;} 7 (2.69)
with 7, L being in the same order of magnitude as the jump rate Tt Te L governing the diffusion
process. E, is denoting the activation energy of the diffusion process, 7 Lis denoting the pre-
exponential factor, kg is the Boltzmann constant and T the temperature. Equations 2.66 to 2.68 in
combination with equation 2.57, can be used to fit experimental obtained Ry, Ry and R, data with
appropriate mathematical functions. Hence, the fitting functions can be used to gain information
on diffusion parameters such as activation energy F, and the attempt frequency 7, T~ 661. Figure
2.10a illustrates schematically the temperature dependence of the relaxation rates from dipole-dipole
interactions for three different resonance frequencies. At a given Larmor frequency wy, the rates increase

with the temperature. By plotting the logarithm of the rate R; against the inverse temperature,
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the rate will pass through a peak maximum at 7,,,, where the maximum condition wy7, = 1?
approximately holds (schematically illustrated in figure 2.10b).

extreme motional |

I
! 'rigid lattice dimensionality ! correlation effects
narrowing : narrowing : <exp(+E,/ (ks T)) ! xexp(-E,/ (ks T))
A : ' oy |
3 1 = wyT ~ 1
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Figure 2.10 - a) Schematic illustration of the temperature-dependency of the spin-lattice and spin-spin
relaxation rates, Ry, Ry, and Ry. In case of R and R;,, the maximum of the relaxation peak is shifted
towards lower temperatures with decreasing resonance frequency w. b) Schematic illustration of the
relaxation rate Ry for different diffusion models. Three dimensional BPP-type behavior results in symmetrical
high- and low-temperature flanks, whereas two-dimensional will give a deviation at the high-temperature
flank and, in case of disordered systems, at the low-temperature flank.

The flank on each side of the maximum feature indicate a symmetrical peak due to the following

proportionalities:

Ry x T, for wyT, < 1,

, (2.70)

Ry Tglwg for wpt. > 1.

In the Arrhenius representation, the slope of the flank on either side (£Ea/ky) can be used to calculate
the activation energy for the diffusion process. The first limit, where w7, > 1 holds, is known as the
so-called low-temperature LT limit (or low-frequency limit) and the second limit, where wq7, < 1 holds,
is known as the so-called high-temperature HT limit (or high-frequency limit). The LT flank stands for
short range (or local) diffusion, whereas the HT is representing the long range transport in a material.
Analogous to the Ry rate in the laboratory frame of reference is the behavior of R, in the rotating
frame of reference. Compared to Ry, the rate peak of Ry, is shifted towards lower temperatures and
diffusion processes are probed on a longer time as well as length scale. The maximum condition is
fulfilled at wy7, = 0.5 according to equation 2.68. The linear progression of Ry is only valid in the
motional narrowing regime. According to equation 2.57, the rates are limited by the NMR line width
at lower temperatures.

Since NMR measurements of real materials only in the rarest of cases show an ideal behavior of the
rates, the measurement of SLR rates often results in asymmetrical line peaks, where the LT flanks

31f only the first term in the brackets of equation 2.66 is considered, the maximum condition is given by wy7, = 1.
In case of taking the whole expression, the maximum condition is given by wy7, ~ 0.62.
41f only order-of-magnitude approximations are considered, the maximum condition can be still assumed as w7, ~ 1.
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possess different slopes compared to the HT flanks - E." # E.'. Especially structurally disordered
systems, e.g. glasses, exhibit this behavior. The ion dynamics present in the systems can no longer be
assumed to be isotropic and random. This behavior is not only limited to structurally disordered
systems since it can also be found in structurally ordered systems, where the asymmetry of the rate
peak is associated with the correlated motion of mobile spins.[42, 43] Here, a modified BPP-model can

be used to describe correlated jump diffusion:

27,

J(w) = G(O)m7

(2.71)

where 1 < 8 < 2 characterizes correlation effects; in the ideal case the correlation parameter 8 equals

2. In turn, the expression for R; from equation 2.66 can be rewritten as:

Te 4T,

5T 5
L+ (wore)” 14 (2woTe)

R, =0 (2.72)

The slope of the HT flank (w7, < 1) remains unchanged for correlated diffusion, whereas the slope of
LT flank (wy7, > 1) is reduced.

Ry x T, for wyT, < 1,

Ry o<7‘c1 A

(2.73)

_ﬂwo_ for wyr. > 1.

Here, the alteration of the slope will result in two different activation energies. From equation 2.73

and 2.69 the reduction of the activation energy is given by:
EN=(-1)E,;". (2.74)

As mentioned above, the LT limit is linked to diffusion processes on short time and length scales,

whilst the HT limit is linked to long-range ion diffusion.[44]

The model of Richards for 2D diffusion

Diffusion can also occur confined to two dimensions, e.g. for layered structured material such as
covered in this work 2H-Li,NbSy (see section 3.1.2). Since this confinement is reflected in NMR
measurements, information on the dimensionality of the diffusion process can be experimentally

obtained by frequency-dependent SLR NMR measurements.

Since diffusivity of the spins is thermally activated and due to the fact that the LT limit describes
short range motion of the ions (spins perform only few jumps), as a consequence, the structurally
confined ionic motion in the LT regime has only little effect on the rates, or rather spectral densities.
However, in the HT regime at temperatures 7' > T, ..., where many successful jumps occur, the
confined ionic motion will influence the HT flank of the rate peak. The temperature limits for

uncorrelated 2D-diffusion can be described as following:[45]

2 (w,7,) o< Tln(1/wr,) for wr, <1,

1 2

Plw
b S (2.75)
(w,7,) X Te w

J
J? for wr. > 1.
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This results in the same expression in the high-frequency limit as that from the BPP model as stated
above in equation 2.73. In other words, the same behavior of the relaxation rates is observed in
this regime for both three-dimensional isotropic diffusion and two-dimensional structurally confined
motion, respectively. The empirical spectral density function introduced by Richards combines both
expressions from equation 2.75:[45]

I (w,7,) x In (1 + (Ml)2> , (2.76)

In turn, the two-dimensional spin-lattice relaxation rates in the laboratory frame of reference can be

RP =0 o (14— ) v arin (14— )], (2.77)
(OJOTC)B (QWOTc)B

and for the rotating frame of reference:

1 1 1
R —c?Plerin |1+ —— ) +10mdn | —— | +drin | ——— || . 2.78
v = G |t \ U 7 ) T r?) T (g2 27%)

For both, the exponent 5 < 2 is employed for potential correlation effects.[46] Figure 2.11 shows a

written as:

contrasting juxtaposition of the 3D BPP model (dashed grey lines) and the 2D model of Richards
(solid black lines). In contrast to the coinciding rates in the LT regime, there is a distinct frequency
dependence observable in the HT regime compared to the three-dimensional case, this dependence is
characteristic for lower-dimensional diffusion processes. This dependence can be used to differentiate
between two-dimensional and three-dimensional diffusion via frequency-dependent R;, measurements

at a constant temperature in the HT regime as a function of wy.

4 — model of Richards

-- BPP model

lOgRl

A\

T

Figure 2.11 — Schematic comparison between the SLR rates using different models for diffusion in solids.
Solid lines are referred to rates derived from using the model of Richards for two-dimensional diffusion and
dashed lines are referred to rates derived from using the BPP model for three-dimensional diffusion. Here, the
rates for uncorrelated motion (8 = 2) are illustrated schematically for three different resonance frequencies
w6 > wg > w(/)”. Proportionality constants were chosen such that C; = 012 D

Diffusion coefficient

The correlation rate (see equation 2.69) is linked to the jump rate 771 of a diffusion progress, the
maximum condition wyT ~ 1, in the laboratory frame of reference, can be used to assume the jump

rate of a nucleus at the temperature of the rate peak maximum (7,,,,) as i wp- In turn, the
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Einstein-Smoluchowski equation can be employed to calculate the diffusion coefficient for uncorrelated
motion according to:[47-49]
2 2
wo_ nd® _{d)
2dAt 247’

where a denotes the jump length (distance between the lattice sites), d is the dimensionality of the

(2.79)

diffusion process and 7 = At/n denotes the mean residence time of a nucleus on its lattice site with
71 being the mean jump rate. In order to calculate diffusion coefficients from NMR experiments in

the rotating frame of reference, the maximum condition w7 = 0.5 has to be used.

2.4.3 Spin-alignment echo NMR

The most straight-forward method for the determination of diffusion parameters by NMR experiments
is the recording of SLR rates. The spin-alignment echo (SAE) NMR is a special technique that allows
us to probe the jump rates of diffusing particles in the order of the respective resonance frequency
(in the order of 108 s and 10" s7! in the laboratory and rotating frame of reference respectively).
This technique is a well-established method to investigate slow ion dynamics in solids.[9, 50-52] Here,
the correlation of the quadrupole frequency at the beginning of the mixing time (¢, = 0) with the
frequency at the end of the mixing time ¢,, is measured. By increasing the interval time between
these two points, the decay of the correlation function can be determined.[9, 53] SAE NMR experiments

are performed by using the well-known Jeener-Broekaert pulse sequence:|[54]

Big, — by — Bog, — tm — Pag, — t—echo, (2.80)

where 3; denotes the angle of the pulses (8, = 90° and By = 83 = 45°) and ¢; their phase. The time
tp is the preparation time and ¢, is the mixing (or evolution) time. The Fourier transformation of the
echo (occurring at t = t,,) will result in the corresponding SAE spectra. Starting from an equilibrium
longitudinal magnetization a quadrupolar alignment state can be generated by the first two pulses
B1 and Sy by choosing their phases such as |¢; — ¢9| = 7/2. This state is able to store the phase
information wg (t, = O)tp with wg being the quadrupolar angular frequency. During the mixing
process with the defined duration t,,, the particles can diffuse on sites in the lattice driven by different
EFG. The third pulse 5 is then used to tilt the state into an observable direction by multiplying it
at the end of the mixing time ¢,, with a second phase information wg(t,,)t. After the time ¢ the
echo can be recorded (the echo is maximal at ¢ = t,). The amplitude of the echo signal (using the
above mentioned pulse angles) can be described by using a two-time correlation function according
t0:[38, 50, 55, 56]

Syt . 1) = %sin[wQ(O)tp]sin[wQ(tm)t]. (2.81)

Since powder samples are mathematically described by an ensemble average (here by (...)) the echo

amplitude of the relaxation process can be written as:

So(ty,tm,t) = % (sin[wg (0)t,]sin[wg (t,,)t]) exp (—2;;) exp (—g:';) . (2.82)

The echo damping via NMR relaxation can be described by using single (or stretched) exponential
functions. The correlation time 7, of the echo damping is limited by 75, < 7y, < T7. Since a SAE

experiment consists of several parameters (pulses, phased, times), the right setup of these values
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plays a crucial role to the generation of quadrupolar spin-alignment states; a right phase cycling is
essential. The phase cycling used in the experiments in this work is given in appendix B.2. Here
again, the corresponding diffusion coefficient can be determined from the correlation times by using

the Einstein-Smoluchowski equation.

2.4.4 Magic-angle spinning NMR

Magic-angle spinning (MAS) NMR is a special technique in the field of solid-state NMR. As solid-state
implies, we are generally dealing with solid powder samples containing many random orientated
crystallites. The orientation of the crystallites affects nuclear spin interactions, and further, the NMR
spectra, chemical shielding, dipole-dipole coupling and quadrupole coupling. The dependence on the
orientation is called anisotropy. The task of MAS NMR is the removal of chemical shift anisotropy and
heteronuclear dipolar coupling effects. In addition, this technique can be used to narrow lines from
quadrupolar nuclei, and if the spinning rates are high enough, it can be used to remove homonuclear
dicoupling effects. In liquid NMR spectra, these phenomena are rarely observed due to rapid isotropic
tumbling of the molecules. The experimental setup of an MAS NMR experiment is illustrated in figure
2.12.

shielding tensor

Figure 2.12 - Illustration of the magic-angle spinning (MAS) experiment. The sample is spun rapidly (up to
40 kHz) in a rotor about an axis orientated at the magic angle 0 = 54.74° with respect to the applied field
By. Hence, effects of chemical shielding anisotropy and heteronuclear dipolar coupling are removed due to the
magic-angle spinning. Here, the chemical shielding tensor of a randomly oriented molecule in the sample is

illustrated by an ellipsoid. The angles § and S denote the angle between the principal z-axis of the shielding
tensor and applied magnetic field By and the spinning axis, respectively. Figure adapted from reference [34].

The molecular orientation dependence is given by 3c0s20 — 1, where 6 denotes the orientation of
the spin interaction tensor. As stated above, powder samples are anisotropic, the angle 6 can take on
all possible values. If the sample is spun about an axis inclined to the applied field B at the angle
Or, the molecular orientation 6 varies with time. The averaged orientation dependence of 3c0s’0 — 1
is given as:

(3cos*0 — 1) = %(30052913 —1)(3cos’B — 1), (2.83)

where the angles § and 0i are defined in figure 2.12. As stated before, the angle 6 is between the
principal z-axis of the shielding tensor and applied field By. The angle 3 denotes the angle between
the principal z-axis of the shielding tensor and the spinning axis, whereas 6 is the so-called magic

angle between the applied field B, and the spinning axis. In case of 6 being fixed to 54.74°, the
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averaged orientation dependence (3cos*f — 1) is zero due to (3cos*0p — 1) = 0. At sufficient high
spinning rates, 6 is averaged rapidly compared to the interaction anisotropy.

Spinning at slow rates leads to the appearance of spinning sidebands symmetrically in addition to
the isotropic line. These sidebands are sharp lines on the left and right side of the line at the isotropic
chemical shift separated by a distance equal to the spin rate. The isotropic line is not affected in
its position with changing spinning rates; it is not necessarily the most intense line in the spectrum.
Today, spinning rates of 30 kHz are routine on modern NMR devices and rates up to 50 kHz can be
achieved by using small rotors with a diameter of 1.2 mm. If spun at these rates, spinning sidebands

will rarely occur as more than one (or two) in a spectrum.

2.5 Impedance spectroscopy

Impedance spectroscopy (IS) is a well-established and relatively simple method for the investigation
of ion diffusion in solids. Ionic conductivity (o) is measured as a function of frequency (ranging
from mHz to GHz) and as a function of temperature. Multiple microscopic processes (including
transport of electrons) occur throughout the cell if electrically stimulated and these processes create
an overall electrical response. Impedance measurements give access to short- and long-range diffusion
mechanisms. The general approach is to apply an alternating voltage the electrodes and to observe
the resulting current I(w) (see figure 2.13 for an illustration of a basic experimental setup).[57]

2)

Uw, t)

I(w, , 1)

Figure 2.13 — a) Illustration of a basic IS experiment setup for ion conductors. An Ac-voltage (~) is applied
to the electrodes of the sample and the resulting current is measured by an ammeter. The sample is
well-placed between to two electrodes with an area A separated by the distance d. b) Illustration of a phase
shift ¢ between sinusoidal voltage (U(t)) and current (I(t)) as a function of time. A phase shift can be
observed when a dielectric material is placed between the electrodes.

2.5.1 Basics of impedance spectroscopy

The principle of impendence spectroscopy is based on the application of a sinusoidal voltage with a

frequency v = w/2x to the investigated material:
U(t) = Uysin(wt). (2.84)

The current response I will be linear resulting in a sinus-shaped current with same frequency. The

differences between the initial current and the resulting current are a phase shift ¢ and a different
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amplitude /; when compared to the voltage:
I(w) = Iysin(wt — ¢p(w)). (2.85)

In case of a purely electrical resistance the phase shift ¢ is zero and the resistance R can be described
using Ohm’s law R = U/1. The concept of a complex resistance is used to address a displacement of
the phase. In order to address this concept mathematically a switch to the complex plane, indicated
by a tilde in the upcoming section, is necessary. Thus, Equation 2.84 and 2.85 are expressed as

U(t) = Upexp(iwt), (2.86)

I(t) = Iyexp(i(wt — ¢)). (2.87)

Here, ¢ is an imaginary number defined by 2 =1. Analogous to Ohm’s law, the impedance Z can be
expressed

N
£
I
I

|Z(w)|exp(id), (2.88)

with an absolute value of Z being |Z(w)| = w/1,. The reciprocal of the impedance is known as
admittance Y and can be described by using ¥ = 1/7 as:

YV =|Z(w)| exp(—ig). (2.89)

Using Euler’s formula exp(i¢) = cos(¢) + isin(¢) for the correlation between real- and imaginary
part the impedance and admittance can be rewritten as:

7 =Z|(cos(¢) +isin(¢)) = Z' +iZ", (2.90)

Y = |Y|(cos(¢) —isin(¢)) = Y' +iY”, (2.91)

where the real part of the impedance Z' = |Z|cos($) as of the admittance Y' = |V |cos(¢) and the
corresponding imaginary part Z” = |Z|sin(¢) and Y = |V|sin(¢) are marked by primes or double
primes respectively. There are four parameters significant for impedance spectroscopy. The other
two parameters, besides the impedance and admittance, are the dielectric permittivity (2.92) and the
modulus function (2.93).

~ ! ./ ~r—1 Y
=€ —ic =M "= . 2.92
E=¢€ —ie Gy ( )
The modulus function M = ¢ ' is defined as the inverse of the permittivity, thus giving
M=M +iM" =iwCyZ. (2.93)

Here, the capacitance of an empty cell Cy is described by Cy = €4/d where A is the surface area of
the electrodes and d is the distance between electrodes.

A really important parameter for the characterization of solid ion conductors accessible by 1S is the

DC-conductivity o on condition of conductivity caused exclusively by moving ions. This parameter
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can be accessed by an evaluation of conductivity spectra, where the real part of the conductivity
is plotted against the frequency w. Conductivity is a material specific parameter, and therefore
independent of the geometry of the sample, and is given by the sum of real- and imaginary part

& = o +ic". It can be calculated by introducing a geometry constant x and the admittance ¥

according to:
- d
F=Y — 2.94
& Yt (2.94)
where A is the area and d the thickness of the sample. An overview on the relation of these four

parameters (also known as immittances) is provided in table 2.1.

Table 2.1 — Overview on the relations between the four commonly used parameters of impedance
spectroscopy.
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2.5.2 Conductivity spectra and diffusion

As mentioned at the beginning of this section impedance spectroscopy can be carried out over a
wide range of frequencies (ranging from mHz up to GHz) and temperatures (110 K up to 620 K). In
this work, the data gained from IS is processed in the form of conductivity spectra. The real part of
the conductivity o’ measured at various temperatures is plotted against the frequency v in a double
logarithmic plot. An example of an impedance spectrum of a solid is provided in figure 2.14, where
the measurement of glassy petalite serves as a model for the demonstration of the most common

features of conductivity spectra. A conductivity spectrum can be divided into the following domains:

(i) At low frequencies and moderate temperatures, a frequency independent plateau, with the
value oy = o' (0) (also known as Dc-conductivity or DC-plateau), can be found in conductivity
spectra. In solids, opT exhibits an Arrhenius-like behavior: op T o< exp( — Eo°/k,T), with the

activation energy —FLC and the Boltzmann’s constant k.

(i) At higher frequencies, there is a monotonic increase of the impedance o’ with the frequency v
up to the range of phonon frequencies. This behavior of the impedance is caused by various
correlation effects evoked by lattice defects, the interaction of ions or from the response of the

lattice to ion hopping.

(#it) The number of moving ions increases with temperature. At lower frequencies, polarization

effects at the blocking electrodes can be observed, which leads to a drop of /.

(iv) At very high frequencies (above 100 GHz, not shown in figure 2.14), the conductivity reaches

a regime governed by lattice vibration. In this regime, v/ is solely determined by phononic

contributions and shows square dependence of the frequency o’ w?.
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Figure 2.14 — Selected conductivity spectra of glassy petalite (LiAlSi;O1q) to illustrate the common
features found in impedance spectroscopy.

The transition of the Dc-plates into the dispersive region (see figure 2.14) can be responsibly well
described by the Jonscher power law:

o' (W) = ope + A", (2.95)

where o’ denotes the real part of the conductivity and A and n are constants with n usually in the
range of 0.6 to 0.7. In general, o = >, U]gc is the sum of conductivities of all ionic species 7 present
in the sample. In this work, only materials with a single diffusing species were investigated, meaning
that o, is only governed by Li ions. A diffusion coefficient D? can be obtained from 1s by using the
Nernst-FEinstein Equation:[58-62]

opckpT

, 2.96
N (2.96)

D =

where N denotes the charge carrier density and ¢ the charge of the ions.






Results

In this section, the results of all studies on Li ion conductors are presented in a cumulative form;
either as submitted or published articles in peer-reviewed journals. The articles are arranged into four
sections defined by the diffusion properties, or rather, class of the material, viz. lithium ion diffusion in
low-dimensional materials (section 3.1), three-dimensional diffusion in garnet-type Li-ion conductors
(section 3.2), the influence of mechanical treatment on lithium diffusivity in the aluminosilicate mineral
petalite (section 3.3) and ionic liquids (section 3.4). Each subsection provides a brief introduction

and, in some cases, additional data not included in the already published article.

The first section deals with lithium ion diffusion in low-dimensional materials. Thus, a start is
made by an article investigating the diffusion properties of one-dimensional LiBi3Sg with the title
"LiBigSs - A lithium bismuth sulfide with strong cation disorder" (see section 3.1.1).[63] The two
distinct Li positions in the structure of the electric conductor LiBisSs were successfully determined by
using Li mas spectroscopy. "Li SLR measurements in the laboratory frame of reference revealed an
activation energy of 0.44 eV for short range Li ion hopping. The obtained relaxation rates show high Li
ion diffusivity at higher temperatures (7 > 400 K). The second article with the title "Li ion dynamics
along the inner surfaces of layer-structured 2H-Li,NbS," covers a comprehensive NMR characterization
of the compound 2H-Li,NbSy with z = 0.1,0.3 and 1 (see section 3.1.2).[64] Here, information
on the dimensionality of the diffusion process in the material was experimentally determined by
frequency-dependent R;, NMR measurements carried out at 7' = 444 K. A slight, but measurable
frequency-dependence within the HT limit is found; the result is in good agreement with predictions
from relaxation models developed to approximate low-dimensional (2D) jump diffusion. The work of
both articles was done in collaboration with the group of Prof. Martin Lerch (Berlin, Germany), where
the sample material, in both cases, was synthesized and the structural properties were determined

(XrRD-analysis, chemical characterization, crystal structure determination, etc.).
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The next section focuses on lithium ion diffusion in three-dimensional garnet-type Li ion conductors,
which are an interesting class of materials due to their potential application as a solid electrolyte
in all-solid Li ion batteries. The work presented in this section originated from previous and
ongoing collaboration with Dr. Daniel Rettenwander (Salzburg, Austria). In the first part of the
subsection temperature-variable "Li NMR relaxometry measurements using both laboratory and spin-
lock techniques to probe Li jump rates in single-crystalline LigLagZrTaOq5 are presented. It was
determined, that the material is a very fast Li ion conductor and the gained data perfectly mirror a
modified BPP-type relaxation response. The second part of the subsection is assigned to Li ion dynamic
studies of Bi-doped garnet-type Li;_ ,LasZry ;Bi Oy (see section 3.2.1). The results are discussed
in detail in the article "Synthesis, crystal structure, and stability of cubic Liy LagZry. Bi, 05"
(see section 3.2.2).[65] The motional narrowing of 'Li NMR line width (FWHM = full width at half
maximum) was used to predict the influence of Bi-doping on Li ion dynamics. Additional "Li SLR
NMR measurements shows that fast translational Li ion dynamics are only observed for samples with
large amounts of Bi incorporated (z > 0.8).

This section describes the influence of mechanical treatment, and thus nanostructuring and the
introduction of defects, on Li ion dynamics in both, crystalline and glassy, petalite LiAlSi;Oqy.
The samples were comprehensively investigated by solid-state "Li NMR and impedance spectroscopy
(see section 3.3.1). The various nanostructured samples were prepared by high-energy ball milling.
Ball-milling of crystalline petalite results in an enhancement of long-range ion transport by several
orders of magnitude. The opposite trend, however, is found when LiAlSi;O;( glass is treated for
several hours in a planetary mill. The Li ion conductivities of the two samples, viz. the crystalline
and glassy forms, head towards each other with increasing milling time.

The last section contains an article on a novel electrolyte system with the title " "lonic liquids-in-
salt" - a promising electrolyte concept for high-temperature lithium batteries?" (see section 3.4.1).[66)
"Li NMR spectroscopy was employed to study both local electronic structures and Li" self-diffusion in
pure LiTFsI and in the mixture of an ionic liquid with a lithium salt - Li, EMIM(; _,) TFSI with x = 0.9.
The work was done in collaboration with the group of Prof. Patrik Johansson (Goteborg, Sweden),

where the samples were prepared and characterized.
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3.1.1 One-dimensional Li diffusion in LiBigS5

LiBigSg - A lithium bismuth sulfide with strong cation disorder

Suliman Nakhal, Dennis Wiedermann, Bernhard Stanje, Oleksandr Dolotko, Martin Wilkening, Em-
manuelle Suard and Martin Lerch. Journal of Solid State Chemistry, DOI: 10.1016/j.jssc.2016.03.010
(2016), 60 - 67
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Among chalcogenide semiconductors for thermoelectric applications, alkali-metal bismuth compounds
occur in many complex compositions favorable for high performance. Although LiBi3Ss had been an-
nounced in 1977, the potential 1D lithium-ion conductor has hitherto eluded selective synthesis and
structure determination. In this study, we present a solid-state route to phase-pure LiBisSs powder
starting from LiBiS, and Bi,S;. Neutron diffractograms and lithium NMR spectra reveal its crystal
structure to be a cation-disordered variety of the AgBisSs type (synthetic pavonite; monoclinic, C2/m).
Topological analyses and lithium NMR relaxometry suggest that correlated lithium-ion diffusion with
activation energies up to 0.66(2) eV occurs along the channels in b direction including tetrahedral voids.
Because of cation disorder, immobile bismuth(Ill) ions clog these pathways, making LiBi3Ss a moderate to
poor ionic conductor. The synthesis route reported is nonetheless promising for new lithium bismuth
sulfides with, possibly ordered, structure types of the pavonite homologous series.

Lithium NMR
Lithium diffusion pathways

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Semiconducting chalcogenide compounds have been receiving
much attention because of their wide range of applications in
various fields of science and technology. One of the most pro-
mising areas is their use in thermoelectric refrigeration or portable
power generation [1]. Various solid solutions of M,X3; phases
(M=As, Sb, Bi; X=S, Se, Te), which are excellent for thermoelectric
applications near room temperature, have been the most in-
vestigated materials during the last half century [2].

In recent years, intense efforts focused on discovering new
materials amongst ternary and quaternary alkali-metal bismuth
chalcogenides. This class of compounds has proven to be re-
markably large and has contributed many complex compositions
and structures favorable for high thermoelectric performance [3],
e.g., Ky sBigsSeis [4], B-K2BigSeqs [4], A;BigSeqs (A=Rb, Cs) [5], and
CsBi4sTeg [6]. In comparison to selenides and tellurides, most of the
alkali-metal bismuth sulfides exhibit wide energy band gaps and
strong ionic interactions between the alkali-metal ions and the
[Bi,S,J*~ framework, e.g., in - and y-CsBiS, [7], y-RbBi3Ss [8], and
KBi3Ss [9]. Because of these characteristics, further compounds of
this class are sought after. As KBi5Ss has the potential to act as a

* Corresponding author.
E-mail address: dennis.wiedemann@chem.tu-berlin.de (D. Wiedemann).

http://dx.doi.org/10.1016/j.jssc.2016.03.010
0022-4596/© 2016 Elsevier Inc. All rights reserved.

host for ion exchange, Chondroudis and Kanatzidis used a low
temperature solid-state route to exchange the potassium ions for a
variety of other ions. Reaction of the host material with RbCl, Lil,
Nal, or (NH4)I yielded the isostructural compounds (-RbBisSs,
Lio.82K018Bi3Ss, NagesKo.33Bi3Ss, and (NH4)BisSs [10]. KBi3Ss was,
however, not completely converted to the corresponding lithium
and sodium compound using this route, whereas the synthesis of
pure (NH4)Bi5Ss has been reported to be possible.

In this work, we present the selective synthesis of LiBisSs, a
compound that has been announced, but hitherto very poorly
characterized. Lazarev et al. assumed its existence on the basis of
differential thermal analysis (DTA) and provided a list of the
strongest reflections in X-ray diffraction as well as temperature-
dependent conductivity measurements [11]. Unfortunately, the
lack of experimental and evaluative descriptions makes these
pieces of information rather vague and difficult to interpret. So far,
lithium bismuth disulfide LiBiS, (NaCl type with statistical cation
distribution) had been the only well-known ternary compound in
the system Li-Bi-S. We describe LiBi3Ss as a second member,
supplying crystal-structure refinements based on neutron dif-
fraction, nuclear magnetic resonance (NMR) investigations on li-
thium-ion dynamics, and topological analyses of possible lithium-
diffusion pathways. Since LiBi3Ss is expected to show both elec-
tronic and ionic conduction, lithium NMR was chosen to selec-
tively [12] probe lithium-ion dynamics in the mixed conductor.
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2. Materials and methods
2.1. Syntheses

All reactants have been used in their naturally occurring iso-
tope mixture.

LiBiS;: Li,CO3 and Bi,O3; powders (molar ratio 1:1) were shaken
together and the mixture was thoroughly ground in an agate
mortar. It was then heated under H,S flow in an alumina crucible
at 600 °C for 4h to give lithium bismuth disulfide as a black
powder.

Bi,»S3: BiO3 was reacted in an alumina crucible under H,S flow
at 400 °C for 4 h to give dibismuth trisulfide as a black powder.

LiBi3Ss: Samples were prepared via two different routes:

1) LiBiS, and Bi,S3 powders (molar ratio 1:1) were shaken to-
gether and the mixture was thoroughly ground in an agate
mortar. It was then heated under H,S flow in an alumina
crucible at 600 °C for 4 h to give lithium tribismuth penta-
sulfide. Excess sulfur from catalytic decomposition of H,S was
removed at 150 °C in vacuo within 24 h. As the grey-black
powders prepared in this way contained small amounts of side
phases (Bi,S3 or bismuth), the following route was chosen for
further studies.

2) LiBiS, and Bi,S; powders were dried in vacuo at 150 °C within
24 h. A mixture of them (molar ration 1:1) was sealed in an
evacuated silica-glass ampoule and heated to 600 °C with a
gradient of 25 °C/h. It was kept at that temperature for 48 h and
then rapidly quenched to ambient temperature. Excess sulfur
(from catalytic decomposition of H,S during precursor synth-
esis) was removed at 150 °C in vacuo within 24 h to leave li-
thium tribismuth pentasulfide as a grey-black powder.

Anal. found: Bi, 79.15; Li, 0.90; S, 20.44. Calc. for BisLiSs
(794.18): Bi, 78.94; Li, 0.87; S, 20.35 wt%. Void of silicon, aluminum
(ampoule materials), and oxygen.

2.2. Chemical characterization

The absence of oxygen compounds was verified using a “Leco
EF-TC 300” N,/O, analyzer (hot-gas extraction). The sulfur content
was determined using a “Thermo Finnigan Flash EA 1112” analyzer.
Determination of the bismuth and sulfur contents as well as
checks for the absence of silicon and aluminum were accom-
plished via X-ray fluorescence (XRF) analysis on a “PANalytical
Axios PW4400/24" spectrometer equipped with a rhodium tube
and a wavelength-dispersive detector. Lithium determinations
were carried out with an “Agilent 7500ce ICPMS” (Agilent Tech-
nologies, Waldbronn, Germany).

2.3. Crystal structure determination

Neutron diffraction was carried out at the neutron facility FRM
I (Maier-Leibnitz Zentrum, Garching b. Miinchen) using the high-
resolution powder diffractometer SPODI with Ge(551)-mono-
chromated radiation (1=154.831 pm) in Debye-Scherrer geo-
metry [13]. The compacted powder sample was mounted in a
vanadium cylinder (d=9 mm, h=40 mm) at r.t. and exposed for
12 h. Data were recorded with an array of 80 position-sensitive *He
tubes (260max=160°, effective height: 300 mm) and reduced using
a variable-height algorithm as implemented in the in-house parser
[14], yielding a final range of 0.95° <26 < 151.90° with A(20)=
0.05°. X-ray diffraction was carried out on a “PANalytical X'Pert
PRO MPD” diffractometer equipped with a “PIXcel” detector using
nickel-filtered Cu-K,, radiation (1;=154.056 pm, A,=154.439 pm)
in Bragg-Brentano (6-60) geometry.

For Rietveld refinements, a known model for AgBisSs [15] from
the Inorganic Crystal Structure Database (ICSD) [16] was imported,
adjusted to reflect the actual cell parameters and contents, and
refined against net intensities with FuLlPror [17] using the full-
matrix least-squares algorithm with fixed elements per cycle.
Neutron data were analytically corrected for absorption (cylind-
rical sample) and stripped of the inclined inset between 0° and 4°.
The background was defined manually with 20 (neutrons) or 17
(X-rays) points of refined height. Peak profiles were fitted with a
pseudo-Voigt function (Gaussian parameters U, V, and W; Lor-
entzian parameter X; mixing parameter #). Asymmetry was cor-
rected for using the Bérar-Baldinozzi method with two (neutrons)
or four parameters (X-rays) [18]. A scale factor and a zero-shift
correction (neutrons) or displacement and transparency correc-
tions (X-rays) were applied.

Same-position and same-ADP constraints were applied to bis-
muth and lithium ions sharing approximately same positions. The
isotropic displacement parameters of Bi4/Li4 and Bi5/Li5 were
fixed at the average of those of the other ions. All other ions were
refined with individual anisotropic (neutrons) or isotropic (X-rays)
atomic displacement. All positions included were constrained to
be fully occupied. As the occupation of Bi3 refined to a value only
insignificantly lower than 0.5 for neutron data, it was fixed at this
value. Furthermore, the sum of bismuth occupations was found to
be very close to the one given by the chemical composition and
was thus restrained to equal it. Tables 1 and S1 list further ex-
perimental details, Figs. 1 and S1 show the neutron and X-ray
diffractogram, respectively.

Structure graphics were produced using Diamono 3.2 [19].
Analysis of the Hirshfeld surface under exclusion of lithium ions
was performed using CrystaLExpLorer 3.1 [20]. For Voronoi-Dirichlet
partitioning analysis, TorosPro 5.1 [21] was employed in a standard
procedure: After detection, too small elementary voids (spherical-
domain radius Ryq < 158 pm for lithium ions in sulfide environ-
ments [22]) and channels (adjacency radius R,g <219 pm, 90% of
sum of ionic radii [23]) as well as those not only determined by
sulfide ions (solid angle of interaction with bismuth ions
£2 > 10% x 41) were discarded [24].

Further details of the crystal structure investigations may be
obtained from FIZ Karlsruhe, 76344 Eggenstein-Leopoldshafen,
Germany (fax: +49 7247 808-666; e-mail: crysdata@fiz-karlsruhe.
de), on quoting the deposition numbers CSD-430770 (neutrons)
and -430769 (X-rays).

Table 1

Details of neutron powder diffraction at LiBi5Ss.
Sum formula LiBi3Ss
T/K 298
Crystal system Monoclinic
Space group 2/m
2lpm 154.831
z 4
M/g mol~! 794.2
a/pm 1310.79(2)
b/pm 400.070(7)
c/pm 1650.85(3)
BI° 94.0723(12)
V/106 pm? 863.53(3)
Pealclg cm® 6.109
u/mm~! 0.0297
Ry 0.0160
Rup 0.0190
Rexp 0.0125
Rg 0.0367
Re 0.0216
S 152
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Fig. 1. Neutron powder diffractogram of LiBi3Ss with the results of the Rietveld
refinement (black: measured, red: calculated intensities, green: Bragg positions,
blue: intensity difference; for interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).

2.4. Lithium NMR

For the 7Li NMR measurements under static, i.e., non-rotating
conditions, the LiBi3Ss powder prepared was fire-sealed under
vacuum in DURAN® glass ampoules (ca. 4 cm in length and 0.5 cm
in diameter) to permanently protect the sulfide from any moisture
or air.

7Li NMR measurements were performed using a “Bruker
Avance III” spectrometer, which was connected to a shimmed
cryomagnet with a nominal external magnetic field of By=7.04 T,
which corresponds to a ’Li resonance frequency of g
[2m=116.4 MHz. A ceramic high-temperature NMR probe (Bruker
BioSpin) was employed that allows m/2 pulse lengths of ca. 6-
7.5 ps at 200 W. The exact w/2 pulse length depends on tempera-
ture. The temperature in the sample chamber (223-573 K) was
adjusted via a “Eurotherm” controller and a stream of freshly
evaporated dinitrogen. ’Li NMR spectra and ’Li spin-lattice re-
laxation (SLR) rates (1/T; =R;) in the laboratory frame of reference
were recorded with the well-known saturation recovery pulse
sequence. In our case, this sequence consists of ten w/2 pulses
destroying any longitudinal magnetization M followed by an
evolution period allowing for the recovery of M(tq): 10 x t/2—t4—
Tt/2—acquisition (acq). The last pulse is used for detection of the
free induction decay (FID). In addition, we used spin-lock NMR
relaxometry to probe slower ion dynamics. “Li SLR rates in the so-
called rotating frame of reference (1/T;,=R;,) were recorded with
the following pulse sequence: w/2yx—spin-locking pulse (tjock)—
acq. The first pulse flips the equilibrium magnetization M into the
(xy)-plane; the spin-lock pulse, directly following the pulse to
prepare the spin-system, is used to hold the transversal compo-
nent of M. During the locking pulse, which is generated via the B,
field characterized by w/2x in the kilohertz range, M has to adopt
a new equilibrium value that is much smaller than that corre-
sponding to By. Hence, a transversal decay of M(tjock) is monitored
that is influenced by lithium-ion diffusion at sufficiently high T.
Here, we used a spin-lock frequency of ca. 20 kHz. Between the
acquisitions of each spin-lock FID, a recycle delay of at least 5T;
was applied.

To gather information on local magnetic structures around the
lithium nuclei, °Li magic-angle spinning (MAS) NMR was used. The
corresponding spectra were recorded at 296 K using a “Bruker
Avance III” 500 MHz spectrometer, which was connected to a
shimmed 11.7 T cryomagnet, resulting in a nominal ®Li resonance

the ICSD suggested that LiBi3Ss is of the AgBi3Ss (synthetic pavo-
nite) type. Subsequent Rietveld refinement using a model of this
structure type and inspection of difference electron-density maps
revealed ample occupation of the positions originally attributed to
silver(I) ions by bismuth(Ill) ions (see Tables S1-S2). A free re-
finement of bismuth occupations led to an empirical formula of
approximately Bi,oSs, so that we restrained the bismuth content
to 3.0—also in accordance with chemical analysis. No significant
residual electron-density maxima were found after this procedure.

As lithium ions are notoriously weak X-ray scatterers, we have
performed powder neutron diffraction to unambiguously locate
them in the crystal structure. Results of the Rietveld refinement
are shown in Fig. 1 and summarized in Tables 1-3. Starting with
the model acquired from X-ray data, difference maps of scattering-
length density revealed occupation of most cation positions
(especially Bi4 and Bi5) with lithium ions. As free refinement led
to site occupation factors (s.o.f.) greater than one, all positions
were constrained to be fully occupied either by bismuth or lithium
ions. The s.o.f. of Bi3 was found to be insignificantly smaller than
unity and thus constrained to reflect full bismuth occupation. The
data then allowed for refinement of all positions, except for Bi4/Li4
and Bi5/Li5, with anisotropic displacement parameters (ADPs).
Even in the isotropic case—as also noticed in the fitting to X-ray
data before—, negative or huge displacement parameters resulted
for Bi4/Li4 and Bi5/Li5, respectively. Neither the shift of these ions
to general positions nor the permission of anharmonic contribu-
tions to displacement led to physically sensible models and stable
refinements at the same time. Consequently, we fixed their Ui, at
the average of all other Ueq. Notably, these complications occur at
the only two positions with (a) considerable lithium occupation
and (b) the highest site symmetry possible in this space group. In
our opinion, the misfit between lithium(I) and bismuth(Ill) may

Table 2
Atomic coordinates and site occupation factors (s.o.f.) for LiBisSs at ambient tem-
perature as derived from neutron powder diffraction.

Atom Wyckoff site X y z s.o.f.

Bil 4i 0.23805(16) Vs 0.11122(10) 0.821(3)
Li1 4i 0.23805(16) Vs 0.11122(10) 0.179(3)
Bi2 4i 0.47179(14) 0 0.21890(10) 0.876(3)
Li2 4i 0.47179(14) 0 0.21890(10) 0.124(3)
Bi3 4i 0.21539(12) 0 0.39076(8) 1

Bi4 2a 0 0 0 0.450(3)
Li4 2a 0 0 0 0.550(3)
Bi5 2d 0 Vs v 0.156(3)
Li5 2d 0 Vs v 0.844(3)
s1 4 0.3716(4) 0 0.0535(3) 1

s2 4i 0.1069(4) 0 0.1534(3) 1

s3 4i 0.3411(3) Vs 0.2580(3) 1

sS4 4i 0.0706(3) Vs 0.3631(3) 1

S5 4i 0.3536(3) Vs 0.4656(2) 1
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Table 3

Displacement parameters (in 10* pm?) for LiBisSs at ambient temperature as derived from neutron powder diffraction.

Atom Uiso Ueq Un Uz Usz Uz Uiz U3
Bil - 0.0162(11) 0.0110(10) 0.0123(11) 0.0254(12) 0 0.0011(9) 0
Lil - 0.0162(11) 0.0110(10) 0.0123(11) 0.0254(12) 0 0.0011(9) 0
Bi2 - 0.0190(11) 0.0192(10) 0.0178(10) 0.0200(12) 0 ~0.0030(10) 0
Li2 - 0.0190(11) 0.0192(10) 0.0178(10) 0.0200(12) 0 —0.0030(10) 0
Bi3 - 0.0254(9) 0.0309(9) 0.0224(8) 0.0230(10) 0 0.0068(7) 0
Bi4 0.01825 - - - - - - -
Li4 0.01825 - - - - - - -
Bi5 0.01825 - - - - - - -
Li5 0.01825 - - - - - - -
st - 0.018(2) 0.034(3) 0.0101(19) 0.010(2) 0 0.009(2) 0
s2 - 0.020(2) 0.011(2) 0.023(2) 0.027(3) 0 0.007(2) 0
s3 - 0.016(2) 0.012(2) 0.013(2) 0.024(2) 0 0.011(2) 0
s4 - 0.016(2) 0.020(2) 0.0122(20) 0.017(2) 0 —0.0100(19) 0
S5 - 0.015(2) 0.019(2) 0.0109(19) 0.017(2) 0 —0.0045(17) 0

well lead to a disorder over these positions that is unresolvable
because of severe reflection overlap. This problem is especially
prominent in the high-angle regime, thus leading to difficulties
evaluating displacement parameters. The final model led to an
empirical formula very close to BisLiSs; occupation sums were
then restrained to equal it.

3.2. Structure description

LiBi5Ss crystallizes in cation-disordered variant of the AgBisSs
type, the eponym of which is a member (N=5) of the so-called
pavonite homologous series with the general formula
[BizS3]> - [AgBiS2](n-1)2 [15]. The different members of the pavo-
nite homologues series are usually denoted by the symbol "P,
where N is the number of the octahedra per diagonal octahedral
chain of the thicker slabs in the structure (see Fig. 2).

Four of the bismuth and all of the lithium ions present in the
crystal structure are octahedrally coordinated by six sulfide ions.
The remaining Bi3 is coordinated by five close sulfide ions in the
fashion of a square pyramid. This position is not accidentally un-
occupied by lithium, as a square pyramidal coordination would be
unfavorable. The crystal structure of LiBi3Ss is composed of two
types of alternating slabs parallel to (001), which can be described
as assembly of blocks excised from a distorted NaCl-type structure.
The thinner slabs are composed of single MSg octahedra (M=Bi5,
Li5) sandwiched by two square (Bi3)Ss pyramids along [100]. In
the thicker slabs (thickness varying with N in the MP-pavonite
series), the arrangement of the sulfide ions deviates only slightly
from a cubic close packing. In our case, they consist of five MSg
octahedra (M=Bil, Lil, Bi2, Li2, Bi4, Li4) per diagonal chain. The
two types of slabs are connected via vertices at S4, which is part of
the polyhedra around Bi2/Li2, Bi3, and Bi5/Li5.

The individual and average bond lengths, volumes, and con-
tinuous shape measure for all coordination polyhedra are listed in
Table 4. The latter quantifies the minimal distance movement that
the ions would have to undergo to be transformed into an ideal
shape (e.g., an octahedron or a square pyramid) [25]. All average
bond lengths in LiBi3Ss are close to the reported values for AgBi3Ss
[15]. It is noteworthy that Bi3 binds to only five sulfide ions, thus
forming a distorted square pyramid, and interacts with two ad-
ditional anions in the thicker slab at a long distance of 346.9
(4) pm. If these were included into the coordination polyhedron, it
would be considered an augmented triangular prism. Amongst the
positions partially occupied by lithium ions, Bi5/Li5 holds a
somewhat special place: the smallest bond lengths in the structure
(only ca. 250 pm) are found here and lead to an average, which is

Fig. 2. Unit cell of LiBi3Ss and polyhedral representation of the crystal structure
(ellipsoids for probability of 50%).

by ca. 10 pm smaller than those for the other cation positions. This
causes a way smaller and much more strongly distorted co-
ordination octahedron, making it particularly unfavorable for
hosting bismuth(IIl) (rer=103 pm) instead of lithium(I) ions (reg
=76 pm [23]). Disorder between these two species itself is well
known, e.g., in the sulfidic LiBiS, [26] or in various oxidic materials
[27,28].

3.3. Topological analysis

Even though LiBi3Ss will be shown to be an, at best, moderate
lithium-ion conductor (vide infra), we were interested in the mi-
gration paths that are generally possible in pavonite-like materials.
For an experimental mapping of lithium diffusion pathways in
crystalline solids, neutron diffraction at—preferably multiple—high
temperatures is the method of choice [30,31]. In the present case,
however, effective evaluation of powder data would be severely
hampered by cation disorder and low symmetry. To gain insight
into probable migration paths nonetheless, we have used two to-
pological methods only requiring the solid-state structure (and
tabulated empirical parameters) as input: the Hirshfeld-surface
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Table 4
Bond lengths in LiBisSs at ambient temperature as derived from neutron powder
diffraction.

Atom1 Atom2 Count d/pm Vep/10° pm** S(cp)®
Bi1/Lil s3 1x 268.9(5)

s2 2x 275.9(4)

s1 2x 286.5(4)

s1 1x 208.4(5)

Average 282(11) 67.75 0.05
Bi2/Li2 sS4 1x 262.8(5)

s3 2% 274.0(3)

S2 2x 292.9(4)

s1 1x 294.5(5)

Average 282(14) 62.28 011
Bi3 S5 1x 259.7(4)

sS4 2% 277.3(3)

S5 2x 291.4(3)

Average 279(14) 79.87 0.87
Bi4/Li4 s1 4x 279.7(4)

S2 2% 280.6(5)

Average 280.0(5) 52.16 0.01
Bi5/Li5 S4 2x 250.2(5)

S5 4 x 280.2(3

Average 270(16) 34.62 0.67

2 Volume of the coordination polyhedron (calculated with ToposPro 5.1 [21]).
b Continuous shape measure for the idealized coordination polyhedron (square
pyramid for Bi3, octahedron for all others; calculated on CSM website [29]).

analysis (HSA) and the Voronoi-Dirichlet partitioning (VDP) of the
Bi3Ss~ void structure, which have been used successfully in studies
on battery materials and fast ion conductors before [29,32]. Note
that the conclusions drawn from the room temperature structure
are transferable to high temperature only if no phase transfor-
mation or significant thermal dilation of voids takes place. A
prerequisite for lithium-ion diffusion is the availability of va-
cancies or accessible voids (i.e., space to induce Frenkel defects) in
the crystal structure. As the former is not the case in stoichio-
metric LiBi3Ss, the latter have to be shown to be present.

For the HSA of crystal voids, one is restricted to ordered models.
We have thus chosen three cases: a stoichiometric model (Bi1-Bi3,
Li4, Li5) representing a probable configuration, an all-bismuth
model (Bi1-Bi5) as worst case (i.e., bulkiest framework), and a
defective model (Bi1-Bi3) to investigate accessibility to moving
lithium ions. In spite of its quite spacious appearance, the stoi-
chiometric model contains only small voids with a distorted tet-
rahedral, anionic environment (S3, S4, S4’, S5) at the junction of
the slabs. Their isosurfaces connect to very narrow channels along
[010] at a value of 0.0045 a.u., indicating an unlikely migration
path (see Fig. 3a). In the all-bismuth model, the voids stay isolated
up to a high isovalue of 0.006 a.u., albeit being accessible from the
positions of Li2 and Li5 (see Fig. 3b). The presence of bismuth ions
effectively blocks all paths. The defective model shows the largest
voids at the vacancies. These voids connect to ample channels
along [010] at isovalues of 0.0045 a.u./0.0035 a.u. and above for
the deletion of Li4/Li5, respectively (see Fig. 3¢). This means that
two crystallographically inequivalent, isolated 1D migration
pathways along direction b may exist. The less preferable one (for
reasons of size) includes Li4, the favored one includes Li5. Any of
them would be clogged by bismuth ions Bi4 or Bi5. (In an addi-
tional experiment, we heated LiBi3Ss to 600 °C and slowly cooled
down to 130 °C with 0.5 °C/h. As evidenced by X-ray diffracto-
grams, this did not lead to cation ordering).

The VDP approach offers further insight, as it includes more
detailed information about the size of voids, of the migrating ions,
and chemical environment of the pathway. Taking into account the

results of the HSA, we have chosen the stoichiometric model with
bismuth ions Bil, Bi2, Bi3 and lithium ions Li4 and Li5 for this
analysis of a best-case scenario. Of the 34 major elementary voids
found, 14 were large and regular enough for lithium ions. Of these,
five were only determined by sulfide ions and thus significant (fit
to host a cation), including the abovementioned tetrahedral void
and the position of Li4. Elimination of insignificant (too small)
elementary channels between those five left the void at Li4 iso-
lated and the tetrahedral position connected to only one ele-
mentary void. Thus, they may host interstitial lithium ions, but are
not part of the conduction pattern, which is formed by a single
migration channel consisting of four elementary voids (see Fig. 4).
One (ZA1) is in proximity of the tetrahedral void’s center. The two
remainders are very close to the position of Li5 and, by symmetry
equivalence, form a four-membered ring around it. This may be
the reason for a disorder causing the problems that were experi-
enced during refinement of the displacement parameters of Li5/
Bi5.

3.4. Lithium NMR spectra

To collect information on local magnetic as well as electric
structures in LiBi3Ss, we recorded both °Li and 7Li NMR spectra.
High-resolution lithium spectra are usually recorded by taking
advantage of lithium-6 (7.5% natural abundance); this practice is
because of the much lower quadrupole moment q(°Li) (spin
quantum number [=1) as compared to lithium-7 with [=3/2:
q(°Li)/q("Li)=1/50. Considering diamagnetic compounds, this cir-
cumstance reduces second-order quadrupole broadening being
responsible for the low resolution of the corresponding “Li MAS
NMR spectra. In the present case, the °Li MAS NMR spectrum was
acquired at a spinning speed of 30 kHz (see Fig. 5a). The total
signal is composed of at least two overlapping NMR lines re-
presenting the chemically and magnetically inequivalent lithium
sites in the sulfide. Large paramagnetic shifts are clearly absent.
When referenced to aqueous LiCl (c=1mol L"), the resonances
appear at +0.27 ppm and —1.30 ppm, respectively. Because of
very similar chemical shifts, it turned out to be rather difficult to
resolve all four different lithium environments as deduced from
neutron-diffraction data (see above).

If analyzed using two Voigt functions (see Fig. 5a), the area
ratio of the two lines is ca. 1:0.9. Most likely, the line at lower
chemical shift includes the lithium ions Li5 in the smaller octa-
hedral voids (Wyckoff position: 2d). The smaller the octahedra, the
better the shielding and the larger the up-field shift. The ions re-
siding in larger voids might be characterized by larger chemical
shifts.

In general, first insights on lithium-ion dynamics can be de-
duced from variable-temperature NMR line-shape measurements
[33]. The static “Li NMR spectrum of LiBi3Ss is composed of a
single, Lorentzian-shaped central line (see Fig. 5b) with widths
(full width at half maximum, fwhm) ranging from 3.1 kHz at 213 K
down to 1.2 kHz at 613 K. While dipole-dipole interactions govern
the line width at low T, lithium-ion self-diffusion (i.e., exchange of
the ions among the magnetically distinct crystallographic sites)
increasingly averages magnetic dipolar interactions. Consequently,
the line narrows. Plotting the width as a function of T yields the
so-called motional narrowing (MN) curve as shown in the inset of
Fig. 6. Line narrowing sets in at ca. 290 K and is pronounced with
increasing temperature. Full narrowing, however, is not reached
within the temperature range covered. Interestingly, motional
narrowing spans a rather large T regime. This behavior indicates a
relatively broad distribution of lithium jump rates.

By evaluating the narrowing curve, a mean lithium-ion jump
rate 7yly can be roughly estimated from the inflection point lo-
cated at ca. 500 K. At this temperature, Ty& ~ 2 x Uy holds (vy:
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Fig. 3. Details of LiBi3Ss framework models with void surfaces at 0.0045 a.u. (blue: bismuth ions, green: lithium ions, yellow: sulfide ions, red: void surfaces; ions with
arbitrary radii, unit cell in black, view approximately along b). (a) Stoichiometric model, (b) all-bismuth model, (c) defective model. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Detail of ordered model of LiBi;Ss with migration channel (blue: bismuth
ions, green: lithium ions, yellow: sulfide ions, red: elementary voids and channels;
ions with arbitrary radii, unit cell in black; for interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article).

rigid-lattice line width, i.e., the width at sufficiently low T) [34].
Here, we obtain jump rates in the order of 7y;% ~ 2 x 104s~. Such
a value points to slow ion diffusion in channel-structured LiBi3Ss.

As can be seen in Fig. 5b, a shallow quadrupole powder-pattern
(two humps next to the central line, each one marked by a circle)
shows up at sufficiently low temperature. The humps represent
the 90° singularities of the powder pattern. The spectral separa-
tion of Avq~ 50 kHz points to a mean quadrupole coupling con-
stant in the order of 100 kHz. Besides magnetic dipolar interac-
tions, also electric quadrupolar interactions are expected to be
influenced by rapid lithium diffusion [35]. Indeed, the quadrupole
intensities vanish at T> 613 K, meaning that, at this temperature,
77! is expected to exceed Avq by many times.

3.5. Diffusion-induced relaxation rates

In order to quantify lithium diffusion in terms of activation
energies, 'Li SLR NMR measurements were performed in both the
laboratory and rotating frame of reference, i.e., at frequencies of wo
[2n=116.4 MHz and 20 kHz [36-39]. The corresponding rates R;
and R;, were obtained by parameterizing the resulting magneti-
zation transients, M,(ta) and M(tiock), by means of stretched ex-
ponentials of the form My(tq)e1 —exp[—(ta/T1)"] and Mp(tioei)ex
exp[—(tlock/Tlp)’]. As an example, the stretching exponent y varies
only slightly with temperature (0.57-0.71). In Fig. S2, some se-
lected Ry, transients are shown to illustrate the quality of the
curves recorded at a locking frequency of 20 kHz. Depending on
temperature and stretching, most of the transients could be
monitored over a dynamic range of two to three orders of
magnitude.

In Fig. 6, the rates Ry and Ry, vs. the inverse temperature are
shown as an Arrhenius plot. By increasing the temperature T, the
rates pass over into the so-called low-T flank of a diffusion-in-
duced peak. Because of slow lithium-ion diffusion, the high-T flank
cannot be accessed below 600 K. While the latter flank would
entail information on long-range diffusion, the low-T flank is af-
fected by local, within-site ion dynamics, which can additionally
be influenced by correlation effects such as Coulomb interactions
and structural disorder [40]. Below ca. 400K, a non-diffusive
background is observed, as indicated by the dotted line in Fig. 6.
Most likely, it is caused by coupling of the lithium spins with
conduction electrons, lattice vibrations, or by paramagnetic im-
purities. For R, the same two regions can be seen. Noticeably,
almost temperature-independent background relaxation of spin-
lock NMR shows up below 250 K. Between temperatures of 250
and 400K, a slight increase of R, is observed that is, however,
absent in R;.

The solid lines in Fig. 6 represent Arrhenius fits. The range of
data points used for the fitting procedure is marked by the arrows
drawn. While in the case of R; the activation energy turned out to
be E,=0.43(2) eV, a value of E;=0.66(2) eV is obtained for Ry,. As
mentioned above, the rates Ry, are more sensitive to long-range
lithium-ion motions rather than to short-range ion dynamics. The
discrepancy seen in E, hints at correlated ion dynamics and mul-
tiple-jump pathways the ions have access to.
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Fig. 5. (a) °Li MAS spectrum of LiBi3Ss recorded with a single-pulse experiment.
The 90° pulse length was 3.33 ps. The rotation frequency was set to 30 kHz. The
lithium signal is referenced to aqueous LiCl (c=1mol L!). (b) Static “Li NMR
spectra of LiBi3Ss recorded at 213 K and 613 K. The black circles mark the 90°
singularities of the quadrupole powder pattern.

Compared to investigations of other lithium-containing sulfides
(see, e.g., refs. [11,41]), the “Li NMR measurements identified
LiBi5Ss as a poor lithium-ion conductor. The activation energy of
0.66 eV is two to three times larger than the ones usually found for
sulfides exhibiting extremely fast ion exchange (0.2-0.3eV)
[40,42]. Slow ion dynamics also manifests in rather low R; rates
measured near ambient temperature: rates in the order of
0.025s~! in combination with the temperature independence
seen in this T range clearly indicate slow lithium-ion diffusivity. Of
course, the absolute value depends on the number density of

1000/T (1/K)

Fig. 6. Arrhenius plot of the “Li NMR SLR rates of LiBisSs recorded in both the
laboratory frame (R, ®) and in the rotating frame of reference (R;,, ®). Data were
measured at wo/2x=116.4 MHz. The locking frequency was w/2x=20 kHz. Inset: "Li
NMR line width (fwhm) as a function of temperature T. The dashed blue line is
drawn to guide the eye. See text for further explanation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

paramagnetic impurities of the sample, which, in our case, seems
to be rather low.

The very slow ion dynamics can be understood in terms of
spatially restricted lithium diffusion. As already suggested above,
LiBi5Ss proved to conduct lithium-ion along the channels in the b
direction. Any blockade of these by immobile bismuth ions, as
verified to be present by neutron diffraction, greatly slows down
lithium self-diffusivity in the material. Such a decrease is expected
for 1D ion conductors, which are prone to clogging [43]. Even in
the case of accessible channels, highly correlated motion is an-
ticipated for materials only offering spatially restricted 1D path-
ways, i.e., single-file diffusion in narrow channels.

4. Conclusions

We have successfully synthesized grey-black LiBi3Ss as pure-
phase material using a solid-state reaction. The ternary sulfide
crystallizes in a variant of the known AgBisSs type with a highly
disordered cation sublattice. A closer look at the coordination
polyhedra in this quite complex material offers explanations, why
some positions are preferred by one or the other type of cation.

Topological methods based on the Rietveld-refined model
suggest that LiBi5Ss is indeed a 1D lithium-ion conductor. Defects
in the cation lattice can be formed by displacement of lithium ions
into tetrahedral voids. Migration can only occur along channels in
the b direction that are situated in the transition zone between the
slabs and comprise the positions Bi5/Li5. The curved migration
pathway traverses a tetrahedral void and is blocked in the pre-
sence of a bismuth ion. As seen via NMR, spatial restriction results
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in low lithium-ion diffusivity. Motional processes occurring on
long-range as well as short-range scales were probed through ’Li
NMR relaxometry. In particular, activation energies as high as 0.66
(2) eV were extracted from spin-lock NMR. This finding is in line
with results from NMR motional line narrowing hinting at a li-
thium jump-rate in the order of ca. 2 x 10*s~! at 500 K. Such
values clearly identify LiBi3Ss as a moderate, if not poor ionic
conductor. These findings are in line with studies on the channel-
structured quaternary sulfide LiPbSbsSg, in which cation disorder
accounts for low thermal diffusivity and conductivity [44].

In general, synthesis starting from LiBiS, and BiS3 can be
considered a promising route to new lithium bismuth sulfides
with structure types known from the pavonite homologous series.
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ABSTRACT: Layer-structured materials, such as graphite (LiC,) or
Li,(Co,NiMn)O,, are important electrode materials in current battery
research that still relies on insertion materials. This is due to their excellent
ability to reversibly accommodate small alkali ions such as Li* and Na*.
Despite of these applications, microscopic information on Li ion self-
diffusion in transition metal sulfides are relatively rare. Here, we used "Li
nuclear magnetic resonance (NMR) spectroscopy to study translational Li
ion diffusion in hexagonal (2H) Li,NbS, (x = 0.3, 0.7, and 1) by means of
variable-temperature NMR relaxometry. "Li spin—lattice relaxation rates

2D
diffusion

NbS, layer

c
aAL»b

and “Li NMR spectra were used to determine Li jump rates and activation

barriers as a function of Li content. Hereby, NMR spin—lattice relaxation rates recorded with the spin-lock technique offered the
possibility to study Li ion dynamics on both the short-range and long-range length scale. Information was extracted from
complete diffusion-induced rate peaks that are obtained when the relaxation rate is plotted vs inverse temperature. The peak
maximum of the three samples studied shifts toward higher temperatures with increasing Li content x in 2H—Li NbS,.
Information on the dimensionality of the diffusion process was experimentally obtained by frequency dependent R, measurements
carried out at T = 444 K, that is in the high-temperature regime of the rate peaks. A slight, but measurable frequency-dependence
within this limit is found for all samples; it is in good agreement with predictions from relaxation models developed to

approximate low-dimensional (2D) jump diffusion.

KEYWORDS: NMR, relaxation, dimensionality, insertion materials, jump diffusion

1. INTRODUCTION

The principle of lithium-ion"* (or sodium-ion) batteries that
use insertion compounds as electrode materials is based on the
highly reversible accommodation of the ionic charge carriers. In
the case of layered transition metal dichalcogenides (TMDs),
titanium disulfide, TiS,, belongs to one of the first anode
materials whose topotactic reaction with lithium has been
studied in detail. Still TMDs play an important role in battery
technology;™ in general, their chemical versatility as compared
to graphene makes them fundamentally and technologically
intriguing.*~® It has been shown that besides the composition
and positioning of atoms in such materials, understanding the
low dimensional diffusion processes, also in terms of jump rates
and hopping barriers, is key to developing new electrode
materials and those with tunable electronic properties.””®
Recently, Goodenough and co-workers reinvestigated the
electrochemical insertion behavior and battery performance of
the intercalation hosts 2H-NbS, and 3R-NbS, and showed the
usability of niobium disulfide as potential cathode material in
secondary Li-ion batteries.”'® While usually the electrochemical
properties of potential candidates are extensively evaluated,
only few experimental studies take up the challenge to describe
the underlying Li diffusion mechanisms in detail from an
atomic scale point of view. Here, LiNbS, served as a low-
dimensional model system for a comprehensive 'Li NMR
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relaxation study to gain insight into the Li ion dynamics
between the van der Waals gap of the NDS, sheets. In
particular, activation energies (E,) and Li correlation times (7.)
have been determined. Besides NMR, also neutron scattering
can be used to evaluate ion dynamics and diffusion pathways. In
contrast to neutron scattering that, which is sensitive to ion
dynamics with residence times on the ps time scale, NMR,
however, is able to probe much slower ion dynamics. Using the
appropriate NMR relaxation method, ion dynamics near
ambient conditions can be probed as it is done here.

There are two different polytype hexagonal structures for
niobium disulfide with different stacking order of the NbS
prisms known."'™" The first, 2H-NbS,, is composed of two
NbS, layers per unit cell (space group: P6;/mmc) whereas the
second one, 3R-NbS,, consists of three layers per unit cell
(space group: R3m) as shown in Figure 1.

Whereas the 2D Li self-diffusion process of the 3R
modification was already studied by our group recently,"*
almost no NMR data could be found for the 2H modification.
Here, we focused on the 2H polymorph and took advantage of
variable-temperature 'Li NMR relaxation measurements and
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Figure 1. Crystal structures of (a) 2H-NbS, and (b) 3R-NbS, with
LiS¢ octahedral sites (blue) and NbS, trigonal prismatic sites
(green).">"?

line shape studies to collect information on ion dynamics of
three fully homogenized samples with different Li contents,
namely, 2H-Li NbS, with x = 0.3, 0.7, and 1. Spin—lattice
relaxation measurements in both the laboratory (R;) and
rotating frame of reference (R,) were carried out as a function
of temperature to investigate short-range as well as long-range
Li ion dynamics.'® While the first are sensitive to ion hopping
on the Angstrom length scale, the latter is comparable to that
usually probed via conductivity spectroscopy in the low
frequency limit.'® In particular, even if powder samples are
used in NMR relaxometry, the method allows to deduce
information on the dimensionality of the relevant diffusion
process via frequency-dependent measurements.'”~>*

In the present study, we were able to precisely correlate the
Li self-diffusion parameters with the change of the Li content x
and the lattice parameters of the samples studied. We used
chemically lithiated samples in order to avoid the influence of
binders, conductive additives and the formation of passivation
layers if Li insertion is carried out electrochemically. Additives
usually needed to prepare electrodes might also influence the
diffusion properties; regarding a similar study on Li,TisO;, we
do not expect significant differences for bulk properties.>® This
is, however, beyond the scope of the present study. Fortunately,
since complete diffusion-induced relaxation rate peaks in the
rotating frame of reference were accessible, we reached the so-
called high-temperature flank of the corresponding rate peaks
containing information on the dimensionality of the diffusion
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process.”>*S The results were compared with predictions of
NMR relaxation models developed for low-dimensional
diffusion.””

2. EXPERIMENT

2H-NbS, was prepared by direct synthesis from the elements in an
evacuated silica ampule. The ampule was heated at 400 °C for 10 days
to achieve complete reaction of the elemental sulfur, afterward it was
kept at 700 °C for 7 days. Chemical lithiation of 2H-NbS, was carried
out by stirring the powder in a 2.5 M solution of n-butyllithium in
hexane at room temperature for 7 days under dry nitrogen
atmosphere. Subsequently, the samples were heated at 400 °C for
homogenization, that is, Li ion distribution, in sealed quartz ampules
for 1 week. Due to their air-sensitivity they were fire-sealed under
vacuum in DURAN glass ampules (~4 cm in length and 0.5 cm in
diameter) to permanently exclude moisture and air. The ampules were
placed inside the NMR probe.

Prior to our NMR measurements the powders were chemically
characterized by combustion analysis (Thermo Finnigan FlashEA 1112
NC analyzer) for hydrogen content. The amount of oxygen was
determined using a LECO EF-TC 300 N,/O, analyzer according to
the hot gas extraction method. In addition, X-ray fluorescence analysis
(PANalytical Axios PW4400/24 X-ray fluorescence spectrometer with
an Rh-tube and wavelength dispersive detection) was used to check
the niobium metal and sulfur content, respectively.

A PANalytical X’Pert PRO MPD diffractometer (Cu K, radiation,
Bragg—Brentano (6—6) geometry) with a PIXcel detector was used for
the powder XRD measurements. The program package FULL PROF
2006 was used for structural refinements.”® The reflection profiles
were fitted with a pseudoVoigt function.

’Li NMR measurements were performed using a Bruker Avance III
spectrometer connected to a shimmed cryo-magnet B, = 7.04 T with a
nominal “Li resonance frequency of w,/2x = 1164 MHz. A ceramic
high-temperature NMR probe (Bruker BioSpin) was used that allows
7/2 pulse lengths of about 6 to 7.5 us at 200 W. The temperatures,
adjusted via a Eurotherm controller and a stream of N, gas, ranged
from 223 to 573 K.

Variable-temperature ’Li NMR spectra and ’Li spin—lattice
relaxation NMR rates (1/T; = R,) in the laboratory frame of
reference were acquired under static, i.e, nonrotating conditions. R,
rates were recorded with the saturation recovery pulse sequence (10 X
7/2 — ty — m/2—acquisition (acq.)).” The initial sequence of ten 7/2
pulses was used to destroy any longitudinal magnetization M,. Then,
the recovery of M,(t;) was recorded after the final 7/2 pulse as a
function of the delay time ;. While Li diffusion is expected to govern
longitudinal recovery in LiNbS, at sufficiently high temperatures,
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Figure 2. (a) "Li transversal decay of the spin-locked magnetization M,(f,) recorded at the temperatures indicated (@,/27 = 20 kHz). The solid
lines represent fits according to stretched exponentials yielding the parameters R;, and y'; note that the x-axis is scaled logarithmically. (b) Schematic

representation of the diffusion induced NMR R, rate peaks.
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Figure 3. SEM images of powdered 2H—Li,NbS, (after Li insertion, x = 0.7). Red squares indicate a zoom into the rectangular area marked on the

left.

nondiffusive recovery because of lattice vibrations or coupling to
conduction electrons will influence the R rates at lower temperatures.
’Li spin—lattice relaxation NMR rates in the rotating frame of
reference (1/T,, = Rlp) were recorded by using the spin-locking
technique (7/2, — spin locking pulse (f,q) — acq.) at an angular
locking frequency w,/27 of ~20 kHz. 29732 This technique is sensitive
to much slower Li diffusion processes compared to R; NMR
measurements in the lab frame. First, the equilibrium magnetization
M, is flipped onto the y” axis by applying a 7/2,, pulse along the x” axis.
The pulse is followed by a 90° phase-shifted locking pulse being in
parallel to the resulting magnetization vector M. The corresponding
magnetic B, field formerly replaces the external one By, and represents
a new reference point for spin relaxation. The initial, transversal
magnetization has to adapt itself to the much smaller B, field.
Accordingly, a transversal decay of the amplitude of the M,  vector can
be observed. After switching off the locking pulse, M, ( M,) is
measured as a function of the duration of the spin-lock tlock pulse by
recording the resulting FID. The longer the locking pulse, the smaller
the amplitude of the M, vector. Here, the R, rates R,, at the given
locking frequency were obtained from the transversal transients
recorded by varying the duration of #,q from 30 us to 300 ms. The
recycle delay for R, measurements was at least S times T;. R; and Ry,
were obtained by parametrizing the resulting magnetic transients
M,(ty) and M,(t,q), respectively, by stretched exponentials of the
form M_(ty) o 1—exp[—(ts/T1)"] and M, (fioa) o exp[~(tioa/ T1)"']
with the stretching exponents, y and y’, ranging from 0.7 to 1.0,
respectively (cf. Figure 2a) for some selected R,, transients).

3. BASICS OF NMR RELAXOMETRY

Fortunately, via the temperature-variable NMR SLR measure-
ments described above we were able to record so-called
diffusion-induced rate peaks from which activation energies and
jump rates can be deduced. In addition, frequency-dependent
NMR R, rates were recorded at fixed temperature (444 K) on
the high-T flank of the diffusion-induced rate peaks (see Figure

4091

2b). In this T range the condition w7, < 1 approximately
holds. The locking frequency @,/27x was varied in from S to 20
kHz. While the peak maximum, for which the relation w,7. ~
0.5 holds, can be used to extract the correlation time 7 if ®,/27
is known, the flanks yield the activation energies E, and E;.
Here, E; is usually influenced by correlation eftects whereas E,,
if directly extracted from the slope of the flank, can be identified
with the long- ra.n§e activation energy provided a 3D diffusion
process is given.”>**~** For 1D and 2D diffusion a relaxation
model has to be used to deduce E, from the relaxation
peak 2730-32

In Figure 2b, a diffusion induced rate peak is plotted against
the inverse temperature indicating the maximum condition
(indicated by an arrow) as well as the low-temperature and
high-temperature limits. Only for uncorrelated, 3D isotropic
diffusion E, = E, applies yielding a fully symmetric rate peak.*®
If correlatlon effects influence short-range ion hopping (see the
dashed-dotted line), E, becomes smaller than E,; both values
are linked via E/*P = E3P x (f — 1) while 8 (1 < # < 2) denotes
the frequency dependence of R, in the low-T limit. The
parameter 3, which has been introduced by Kiichler et al,*”
describes any asymmetry of the rate peak R;, caused by
correlation effects in the low-T limit. Simultaneously, it is also a
measure of the asymmetry of the rate peaks.”> The activation
energy E2P*°P¢ which can be obtained from the slope of the
rate in the limit @,7, >> 1 (see dashed line), is linked with E*°
via E2Pslepe = 075 x E2P, provided 8 equals 238

4. RESULTS AND DISCUSSION

4.1. Crystal Structure and Morphology of 2H—Li,NbS,.
Before we present the results on spin—lattice relaxation NMR
we would like to draw the reader’s attention to the crystal
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structure and morphology of the Li,NbS, samples studied and
to the results from temperature-variable line shape measure-
ments. NMR motional line narrowing (MN) gives first insights
into how fast the ions are exchanged via self-diffusion among
the crystallographic sites occupied.

In 2H-NbS, the niobium atoms occupy trigonal prismatic
voids formed by the sulfur anions; each NbS, site shares edges
with six nearest NbS, neighbors. In this structure lithium ions
can be intercalated into the empty octahedral voids located in
the van der Waals gap between the NbS, sheets. Li-centered
octahedra stack along the ¢ axis and alternate with layers of
NbS,. In the 2H polymorph each LiS4 octahedra shares two
common faces with an NbS¢ prism. This is different for the 3R
form where the Li ions are located between an NbS, prism and
an empty prism. Because of this difference, distinct diffusion
pathways for the Li ions might be expected.

Morphology as Seen via SEM. The morphology and particle
size of 2H—LiNbS, is presented in Figure 3 showing SEM
images of the intercalated sample with x = 0.7. Large particles
with a plate-like texture and a mean diameter of ca. 13 pm were
found. In contrast to the synthesis starting from Li,S, elemental
niobium and Sulfur as reported by Goodenough and co-
workers, chemical intercalation of Li ions in NbS, with n-
butyllithium, as it is done here, results in no bouquet-like
agglomerates of the primary particles as was observed
recently.'® The SEM images resemble that of nonlithiated
2H-NDS,; this indicates that the Li has been inserted into the
van der Waals gap between the NbS, layers without noticeable
structural change of the intercalation host.> As is visible in the
enlargements of the SEM pictures (see Figure 3, right) each
larger primary particle consists of several layers of Li,NbS,.

Powder X-ray diffraction. Phase purity of the Li NbS,
samples with x = 0.3, 0.7, and 1 was checked by powder X-
ray diffraction carried out at room temperature (see Figures 4
and S). The refined structural parameters and coordinates of
the three samples investigated are listed in Tables 1 and 2.

As shown by Salyer et al.,' the lattice parameter ¢ increases
strongly with increasing lithium content for x = 0 to x & 0.5.
For larger amounts of x the ¢ parameter increases slightly with
x. Our refined lattice parameters are in §00d agreement with
values reported by Omloo and Jellinek.”® Both the a and ¢
lattice parameters of Liy;NbS, are slightly smaller than those
reported by Salyer obtained from X-ray diffraction measure-
ments of a single crystal.'® A detailed investigation of lattice
parameter variation with nominal composition for LiNbS, is
already presented in ref 12, together with a detailed discussion
of the behavior observed.

4.2, Static 'Li NMR Spectra, Motional Narrowing.
Temperature-variable NMR line shape measurements allow
getting first insights into the jump processes of Li ions in solids
in a relatively easy way. Here, all of the static "Li NMR spectra
were recorded at various temperatures at a resonance frequency
of 1164 MHz. Independent of «x, at lower temperatures (see
Figure 6a) the spectra are composed of a single Gaussian
shaped and slightly asymmetric central line with widths (full
width at half-maximum, fwhm) ranging from 6.2 kHz (x = 0.3)
up to 7.7 kHz (x = 0.7); considering the shape no distinct
differences are seen. At the bottom of the lines tails of a
quadrupole powder pattern are visible. This is due to the
electric quadrupole interaction of the quadrupole moment of Li
(spin-3/2) with a nonvanishing electric field gradient (EFG) at
the Li site in LiNbS,.** The interaction, which can be
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Figure 4. (a) Normalized X-ray powder diffractograms of the three
samples investigated. For the sake of clarity, the larger reflections are
reduced in their intensity. The patterns recorded indicate Li,NbS, with
high purity. (b) Magnification of the low-intensity reflections of the
XRD pattern of Li;(NbS,. Vertical bars indicate the positions of
reflections expected for Li, NbS,.

described by first order perturbation theory for “Li, alters the
Zeeman levels leading to three different spin transitions.*’

In Figure 6b, spectra are presented that were measured at T
= 475 K. With increasing T the central line, which is dipolarly
broadened at low T, transforms into a Lorentzian shaped and
asymmetric signal. Since dipole—dipole interactions are
averaged due to rapid Li exchange with values in the kHz
range, now a well visible quadrupole pattern shows up with
sharp 90° singularities. For 2H—Li NbS, with x = 1 we observe
a single quadrupole pattern indicating a single set of electrically
equivalent Li positions.***" If we assume axially symmetric
EFGs, from the fully developed quadrupole powder pattern
(410 K), which starts to emerge at T > 330 K, Cq ("Li, 384 K)
~ 17 kHz can be easily estimated from the frequency distance
Avq between the most intense satellite lines.

In contrast to Li; (NbS,, the spectra of the samples with an
intercalation degree of x = 0.3 and 0.7, respectively, indicate the
presence of more than one inequivalent Li position occupied.
For the sample with x = 0.7 besides the main pattern with
Cqu("Li, 413 K) ~ 16.5 kHz (see Figure 6b) another set of
singularities with very low intensity shows up that is
characterized by Co,("Li, 384 K) ~ 7.2 kHz. For x = 0.3 we
obtain Co("Li, 413 K) &~ 11 kHz. Obviously, at intermediate
values of x the Li ijons have access to more than one
crystallographic position in 2H-NbS,. In agreement with two
sets of quadrupole powder patterns, the line of Liy,NbS, (see
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Figure S. X-ray powder diagrams of Liy;NbS, (left), Li,,NbS, (right), and Li, (NbS, (bottom) with the results of the Rietveld refinements.

Table 1. Refined Structural Parameters for Li,NbS, with x = 0.3, 0.7, and 1.0 at Ambient Temperature

x =1.0
P65/mmc
a = 335300 (8) pm
¢ =1290.23 (2) pm
V = 125.622(4) x 10° pm?

space group

lattice parameter

unit cell volume

formula units Z=2
20 range 5—120°
Ry 0.0688
Riragg 0.0606
R 0.0266
S 2.58

x=03
P65/ mmc
a = 333.080 (14) pm
¢ = 1281.79(2) pm
V = 123.153(7) x 10° pm®

x =07
P65/mmc
a = 334.03 (S) pm
¢ =1288.02 (3) pm
V = 124.46(3) x 10° pm®

Z=2 Z=2
5—120° 5-120°
0.0704 0.0546
0.0213 0.0213
0.0264 0.0266
2.66 2.05

Table 2. Refined Atomic Coordinates for Li NbS, with x =
0.3, 0.7, and 1.0 at Ambient Temperature

Wyck. occ. for occ. for occ. for
atom  site & y 2 Li;(NbS,  Liy;NbS, Liy;NbS,
Li 2a 0 0 0 0.08333 0.05833 0.025
Nb 2b 0 0 0.25 0.08333 0.08333 0.08333
S 4f 1/3 2/3 z 0.16666 0.16666 0.16666

“z = 0.12514(9) in LipzNbS,; z = 0.12520(12) in Lip,NbSy; z =
0.12546(13) in Li; (NbS,.

Figure 6b) also reveals a second central line that is
characterized by its own chemical shift value. This feature is
also seen for x = 0.3. We anticipate, however, that mainly the
octahedral voids in the van der Waals gap are occupied, note
that the intensity of the powder pattern leading to Cq, (x =
0.7) is much weaker than that associated with Cqr-
Independent of x, the central lines with the largest intensity
show the typical asymmetry as expected for Li spins exposed to
a spatially confined environment,*” which is found in layer
structured materials. The change of the corresponding
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quadrupole coupling constant from 11 kHz (x = 0.3) to 16.5
kHz (x = 0.7) and 17 kHz (x = 1) observed resembles the
variation in the lattice constant ¢, see Table 1.

The change of the shape of the "Li NMR spectra over the
temperature range covered here is illustrated in Figure 7, which
presents exemplarily the line shapes of 2H—Li, (NbS,. The
spectra meet the expectations for a pure Li, (NbS, phase with
the Li ions located inside the van der Waals gap. The fact that
there is no averaging of the quadrupole intensities seen
indicates spatially confined (two-dimensional) Li diffusion
between the NDS, sheets; thus, this diffusion process is
restricted to an exchange process between the electrically
equivalent Li sites (2a) in the van der Waals gap of NbS,.**

To collect quantitative information on Li ion dynamics, in
Figure 6¢ the line width of the central transition was plotted vs
temperature. Here, we focus on the most intense central line
associated with the largest quadrupole powder pattern. The
asymmetry is a clear indication of NMR chemical anisotropy
being due to the layered structure of the material; similarly, this
has been observed for Li,TiS, by the NMR study of Prigge et
al® At T = 420 K it has already reached its full narrowing,

DOI: 10.1021/am5078655
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Figure 6. (a) 'Li NMR spectra of annealed (that is, homogenized) layer-structured 2H—Li,NbS, (x = 0.3, 0.7, and 1.0) recorded at w,/27 = 116.4
MHz and 250 K. See text for further explanation. (b) "Li NMR spectra of the samples shown in (a) but recorded at T = 475 K. (c) "Li NMR line
width (full width at half maximum, fwhm) as a function of temperature T. The dashed lines are to guide the eye.
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Figure 7. 'Li NMR spectra of 2H—Li (NbS, recorded at the
temperatures indicated. With increasing T the line width of the
central line, which is slightly anisotropic, undergoes a motional
narrowing due to averaging of (homonuclear) 7Li dipole—dipole
interactions. At T > 320 K, a distinct quadrupole pattern appears that
is fully developed at T > 420 K. By using a Hahn echo that overcomes
dead-time receiver effects, the powder pattern can be enhanced in
intensity.

therefore, the contribution of the second line was not taken
into account to construct the MN curves. The fwhm was read
off manually; no fitting functions were used because of the
observed chemical shift asymmetry. The line width in the rigid
lattice regime, v,(x), depends on x; it takes a value of 7.9 kHz
for x = 0.7 and 6.3 kHz for x = 1, respectively. The rigid lattice
regime is reached at approximately 230 K.

Independent of Li content, the sulfides undergo a
pronounced motional narrowing with increasing temperature
due to increasing Li motions that are responsible for averaging
of homonuclear dipole—dipole (Li~"Li) interactions.*> When
the jump rate 7y} reaches the order of the rigid lattice line
width notable diffusion-controlled line narrowing is expected.
Here, narrowing sets in at approximately 260 K. The Li ion
jump rate Ty can be roughly estimated from the inflection
point at approximately 320 K of the MN curves for all three
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samples according to iy & 27 X v For all three samples the
Li jump rates 7y turn out to be in the order of ~5 X 10* s
Quite interestingly, although the intercalation degree x has
been increased from x = 0.3 up to x = 1, no significant shift of
the onset of motional narrowing is observed (see Figure 6c).
Clear distinctions in Li diffusivity, however, can be revealed by
R, NMR as is shown below. NMR line narrowing seems to be
less sensitive to the differences that can be observed with the
spin-lock technique.

At first glance, we would expect that v(x) increases with «x
because of increasing homonuclear dipole—dipole interactions
as is quantified by the van Vleck formalism.*® Here, however,
the change in lattice constant ¢, which is the largest for x = 1,
likely leads to a smaller rigid-lattice line width for Li, (NbS,
than expected.

4.3. ’Li NMR Spin—Lattice Relaxation Measurements,
Frequency Dependence, 2D Diffusion. To study Li
diffusion parameters in more detail we measured both "Li R,
and R/)/R rates at a Larmor frequency of wy/27 = 116.4 MHz
and a locking frequency of 20 kHz (223 and 573 K), see refs 29
and 44—46 for an introduction into the basics of spin-lock
measurements. In Figure 8 the rates R;(1/T) and R,,(1/T)
together with the corresponding stretching exponents y(R,,) of
the transients analyzed (see Figure 2) are shown in an
Arrhenius plot.*”

Whereas the R, transients M,(f;) can be best represented
with exponential functions (see the equation mentioned
above), the corresponding magnetization curves and M,(f;,q.)
need to be parametrized with M,(fi,q) o exp[—(tioa/Ty,)"’]
(see above) with 7’ ranging between 0.7 and 1.0. The exact
physical meaning of the stretching exponents is, in general, very
difficult to explain; admittedly, in many cases no clear
interpretation can be given. It is expected to be related to the
shape of the underlying motional correlation function. In our
opinion, intrinsic or extrinsic origins have to be considered: An
intrinsically nonexponential motional correlation function
might be expected for, for example, low-dimensional diffusion.
Frequently, nonexponential decay behavior is related to a
distribution of correlation rates being the direct consequence of
a distribution of hopping barriers the ions have to overcome.
Such extrinsic conditions would result in a superposition of
distinct functions finally producing a stretched magnetization
transient whose shape might change with temperature. In the
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Figure 8. Arrhenius plot of the 'Li NMR R, rates of 2H—Li NbS,
recorded in the laboratory frame (R, (M), see bottom part of the
figure) and in the rotating frame of reference (R, (®), see upper part
of the figure) measured at @y/27 = 116.4 MHz and at /27 = 20
kHz. The colors (see key) refer to the intercalation degree x of the
samples (x = 0.3 (blue), x = 0.7 (red), and x = 1 (green)). The upper
graph shows the dependence of the stretching exponents y(R,,) on T;
the error margins of the exponents range from 0.1 to 0.2.

case of "Li, being a quadrupole nucleus, the interaction of its
quadrupole moment with EFGs is expected to give complex
nonexponential transients,*® especially in the case of Ry,
Additionally, the latter are characterized by y’ = 0.5 if induced
by the interactions of Li spins with paramagnetic centers.*’
Thus, there are various reasons that lead to the observation of
stretched exponentials. Since no large change of y’ is observed
in the present case, error margins are within +0.2, and since
many of the values range from 0.8 to 1.0, the stretched
transients most likely reflect Li diffusion in a relatively regular
potential landscape as it has been observed for Li,_o,TiS,.° In
particular, this holds for the sample with x = 0.3 (8 = 1.8, see
below), for which very similar activation energies are derived
from R, and R,

Coming back to the rates extracted from the transients
measured, below approximately 300 K the rates R, are
influenced by nondiffusive effects rather than by Li jump
diffusion; at very low temperatures background relaxation is
present that does only weakly depend on T. The corresponding
relaxation rate (R, ,4) is presumed to be caused by coupling of
the Li spins with conduction electrons, paramagnetic impurities
and/or by lattice vibrations. To separate its influence on the
purely diffusion-induced relaxation, which shows up at elevated
T, an empirical power law,

Ry T" (1)

was used to extrapolate the background rates toward higher
temperatures. With increasing T the rates R, pass into the low-
T flank of a diffusion-induced rate peak. The high-T side,
however, could not be reached since our NMR setup allows
measurements up to 580 K only. For Liy;NbS,, however, the
rates seem to approach a maximum value at ~570 K; compared
to the other two samples this is a first indication that Li
diftusivity in Li; ;NbS, is faster than that for x = 0.7 and x = 1.0.
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Figure 9. (a, b, and ) Detailed view of Arrhenius plot of the "Li NMR R, rates of 2H—Li NbS, recorded at 166.4 MHz; the locking frequency set
was 20 kHz. Solid lines show fits with an NMR model taking the 2D diffusion into account. The dashed line in panel (b) represents a modified BPP
fit. Activation energies are obtained from the fits and are linked to long-range diffusion. Short-range activation energies E;*® were calculated using
E?P = E2° x (f — 1) where E2® denotes the activation energy obtained from the fits according to the model of Richards.”’ They are in agreement
with those values that can directly be obtained from the slopes of the low-T flanks (see text for further information). In order to obtain the purely
diftusion-induced rates R 4 nondiffusive background effects showing up at lower T have been taken into account by using an appropriate power law
Rypng & T (with K,_g3 = 1.34(1), see panel (a), k,.o; = 1.88(1), see pabel (b), and k., = 1.27(8), see panel (c), represented by gray dashed lines).
R, 4 values were obtained by subtraction R, 4 from the overall rates. Activation energies E, 4 were calculated from the slope of the linear fits shown

(cf. the solid lines in the lower parts of the figures).
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In Figure 9a—c, the R;(1/T) as well as R, 4(1/T) are shown,
which have been calculated according to
R =Ry g5 + Ry g 2)

A fit according to eq 1 is also presented in Figure 9 yielding x
= 1.34(1) for x = 0.3, k = 1.88(1) for x = 0.7, and kx = 1.27(8)
for x 1. The purely diffusion-induced rates R, are
represented by gray squares. The activation energies E, g
were obtained from the slope of a linear fit of the corrected
rates. Since R, (and so R, 4) varies only slightly with T, the
influence of R, 4 is rather large resulting in activation energies
that should be regarded as rough values. Here, we found
0.45(2) eV for x = 0.3; 0.37(1) eV for x = 0.7 and 0.33(1) eV
for x = 1. E, 4 since it has been deduced in the limit w7, > 1,
is usually ascribed to short-range Li diffusion that is, in general,
influenced by correlation effects such as Coulomb interactions
and/or structural disorder.”® Long-range ion dynamics, on the
other hand, can only be inferred from the high-temperature
flank of a diffusion-induced rate peak.>*** The intercalation
degree x seems to have an impact on the activation energies
characterizing short-range Li ion diffusion; the energies
decrease from 0.45(2) €V for x = 0.3 to 0.33(1) eV for x = 1.

In our case, complete relaxation rate peaks can be obtained if
the spins relax in a magnetic field B}, the spin-lock field, that is
much lower than the external one characterized by 116 MHz.
In the upper part of the Arrhenius plot that is shown in Figure
8 the NMR R, rates obtained are presented. The rates R;, pass
through well-defined maxima showing up at different temper-
atures Ty, In contrast to R; (as well as to the line widths
measurements, vide supra), the R, data do reveal a clear
influence of the intercalation degree x on Li diffusivity, that is,
the position of the rate maximum on the 1/T scale. According
to the maximum condition, @,7, & 0.5, which is generally valid,
the more the respective rate peak is shifted toward lower T, the
higher the Li diffusivity. The latter is directly expressed by the
correlation rate 7.”' being in the same order of magnitude as
the Li jump rate 77", Here, the highest diffusivity is found for
the sample with x = 0.3 (see Figure 8). Note that the Ry, rates
follow a clear trend for x = 0.3, 0.7, and 1 which corroborates
the above-mentioned indication of a R; peak maximum in the
case of 2H—Liy3NbS,. The temperatures T, are as follows:
331 K for x = 0.3, 342 K for x = 0.7 and 367 K for x = 1.
Inserting /27 = 20 kHz, 7.”" is given by 77! ~ ‘L'(p)_l =3X
10% 57" at Ty, This value is slightly larger than the jump rate
obtained from MN measurements, Ty & 5 X 10% s7%.

To deduce activation energies from the R,,(1/T) peaks and
to gain information on the underlying dimensionality of the
diffusion process, the rates were analyzed with an appropriate
relaxation model introduced by Richards.>”*®

The influence of x on the Li diffusivity can also be clearly
rediscovered in the long-range activation energies E, obtained
from the appropriate fits that are shown in Figure 9a—c as solid
lines. As is well-known for NMR relaxometry, the rate R, is
linked to the spectral density function J(n®),,.,, via

S 2
Ry, a = Cp(](za)l) + E](a’o) + g](Za)o)) 3)

where @, denotes the angular locking frequency, w, the Lamor
frequency and kg the Boltzmann constant. Here, the spectral
density function introduced by Richards®” for 2D diffusion
PP(w,) « 7. In(1 + 1/(1+ @,7.)%) was used. It entails a
logarithmic frequency dependence of the relaxation rate on the
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high-T side of the diffusion-induced rate peak. The rates were
recorded at temperatures where the first term of eq 3 is
sufficient to describe the relaxation rates adequately. Since the
Li jump rate 7" is of the order of the correlation rate 7.”", we
obtain the following activation energies being characteristic for
long-range ion transport that obeys the Arrhenius relation

] (©)

The lowest activation energy E2° of 0.44 €V is found for the
sample with the lowest Li metal content (x = 0.3). A slightly
higher energy of 0.48 eV is found for x = 0.7, while the highest
activation energy of 0.65 eV is obtained for the fully
intercalated sample with x = 1. This is in excellent agreement
with the increase of T, with increasing Li content x. The
validity of the fits is supported by the results for the pre-
exponential factor 7,™', which is in the typical range of phonon
frequencies;*® here, we obtained 7,7} & 10%..10% 57,

_gP

~ -1 _ -1 a
T RT, =T, exp T
B

Table 3. Results for the Pre-exponential Factor 7, ' and
Activation Energies E,

x =03 x = 0.7 =l
EX 0.44 eV 0.48 eV 0.65 eV
757! 3.44 x 10" 7! 1.96 x 10" 57! 428 x 10 57!

Let us note that it is good to know about the effective locking
frequency used to carry out the fitting procedure. The fits
shown here use the locking frequency that can be determined
via the pulse power used to lock the spin system. The fact that
for x = 0.3, a shallow R, maximum is seen, gives us the chance
to use a joint fit to parametrize both the R; and R,, rates; by
leaving the fitting parameter @) free, we can estimate a value for
@ frective that takes into account local fields. Here, it turned out
that @ g.qve is only about 2—3 times larger than w,. This
difference has almost no influence on the position and shape of
the fits shown; its influence on the resulting E, and the
prefactor is quite small. Of course, the diffusion coeflicient
derived via the maximum condition is influenced by the same
factor. Compared to other sources of error, this is quite small.

Using the fits shown in Figure 9a—c, the short-range
activation energies E;, which describe the slope in the low-
temperature limit @y7, >> 1, can be easily estimated according
to E;*° = E2° x (8 — 1) with the correlation parameter (1 < 8
< 2).2***3 Interestingly, E;*” behaves the other way round;
the highest value (0.35 eV) is found for x = 0.3 (8 = 1.80).
Whereas for x = 0.7 (f = 1.71) an activation energy of 0.34 eV
and for x = 1 (f = 1.43) the lowest value (0.28 €V) is found.
Since E/*° is governed by repulsive Coulomb interactions, its
decrease with x (or the increase of § being a measure of these
interactions) reflects Li—Li correlation effects rather than a
reduction in local energy barriers. The larger the Li density, the
more distinct correlated motion.**** For x = 0.3, no large
correlation effects are seen, since E, equals E2® we assume that
the Li ions are exposed to a regular, uniform potential
landscape with almost no difference between short-range and
long-range hopping motion, see also ref 50.

Moreover, frequency-dependent R, measurements have been
carried out at a constant temperature to differentiate between
two-dimensional (2D) and three-dimensional (3D) diffusion,
see Figure 10a.°
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Figure 10. (a) 'Li NMR Rp rates of 2H—Li,NbS, as a function of the
locking frequency @, /2. The frequency axis is scaled logarithmically.
Ry, was recorded at 444 K on the high-temperature flank of the
relaxation rate peak where the condition @7, < 1 approximately
holds. The solid line indicates the expected frequency dependence
according to the semiempirical model for 2D diffusion by Richards
Ry, x — 7, In(w,7.)).*” (b) Simulation of the expected frequency
dependence for Li; (NbS, by varying the locking frequency from 5 to
20 kHz. As is visible in the inset a rather shallow dependence is
expected at T = 444 K; the values predicted are in good agreement
with those found experimentally.

In Figure 10b, the spectral density function J*°(w,z.) (see
above)”” was used to calculate the expected frequency
dependence R, 4 « — 7. In(w7.) of Lij(NbS, at 444 K
(solid line), that is, within the high-temperature limit w7, <
1.3%5! Here, Ry, 4 denotes the diffusion-induced R, rate.>*
Most importantly, in contrast to 2D hopping motion, 3D
diffusion would result in no frequency dependence of the R, 4
rates in the limit @,7, < 1.>* As it can be seen in the inset of
Figure 10b, varying @,/27 in a rather small range, viz from S to
17 kHz only, needs highly precise R, measurements to attest
2D diffusion in Li,NbS,. Despite of the narrow frequency range
accessible via R, NMR, the rates measured at 444 K indeed
reveal a small frequency dependence being indicative of 2D
diffusion. Comparing the present findings for the 2H-
modification with previous measurements on 3R-Liy;NbS,, it
turned out, however, that the logarithmic frequency depend-
ence is not as large as it was deduced from the frequency-
dependent R, measurements of the 3R-modification. * This
difference might be due to differences in local crystal structure
between the two polymorphs, especially when the connection
of the LiSs and NbS¢ polyhedra is regarded (see above).
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Possibly, the free prismatic voids located above the LiS4
octahedra in 2H—Li, NbS, might lead to wavelike 2D diffusion,
i.e, an oscillating trajectory which results if we consider sites
within the van der Waals gap that act as transition states. Such
transition states might be the tetrahedral sites connecting two
octahedral voids by sharing common faces; a similar/please add
semicolon after faces diffusion pathway has been found for
Li,TiS, 505253

Ultimately, although a characteristic 2D frequency depend-
ence was found, we also fitted the diffusion-induced rate peak
R;, by using the spectral density function developed for 3D
diffusion introduced by Bloembergen, Purcell, and Pound
(BPP).3%37%* In Figure 9b, the corresponding fit for the sample
with x = 0.7 is shown as a dashed line. Since there is almost no
difference between the 2D fit according to Richards (red line)
and the 3D BPP fit (dashed line), without the frequency
dependent measurements carried out here it would be very
difficult to distinguish 2D from 3D motion just by analyzing the
temperature dependence of R;,. Most importantly, disregarding
the dimensionality of the diffusion process, 3D fits generally
lead to lower activation energies and prefactors 7, '. Here,
however, the logarithmic frequency dependence found serves as
a good indication for 2D diffusion. This is strongly supported
by the chemical shift anisotropy observed, which does not
disappear with increasing temperature; thus even in the regime
of fast Li motion the ions sense the spatially confined
environment of the van der Waals gap. In line with this
observation, no averaging or change of quadrupole intensities is
seen at higher T. Consequently, to extract the correct activation
energies E2” the R,,(1/T) rate peaks have to be analyzed in
terms of syectral density functions J*® introduced for 2D jump
diffusion.?

For the sake of completeness, a possible second R;, peak
maximum for x = 1 has to be mentioned here (indicated as a
dashed line in Figure 9c). Since no obvious second maximum
was found for the other samples only the clearly observable rate
peak was taken into account for the analysis of the samples
studied.

Here, we found strong evidence for 2D diffusion, that is, Li*
diffusion along the buried interfaces formed by the van der
Waals gap of layer-structured Li, NbS,. For low Li contents, x =
0.3, Li diftusion turns out to be less influenced by correlation
effects. In contrast to samples with larger values of x, activation
energies from both R; and R, measurements (0.44 eV) indicate
Li hopping within a regular potential landscape with almost no
difference between short-range motion and long-range ion
transport.

5. CONCLUSIONS

2H—Li,NbS, turned out to be a suitable and intriguing model
system with a layered structure to study both dimensionality
effects in spatially confined dimensions as well as the influence
of Li intercalation on local hopping and long-range ion
transport. "Li NMR line shapes, as well as R, measurements,
have been used to get insights into both the Li ion dynamics
and the geometry of Li motion in NbS,.

(i) Frequency-dependent R, measurements were successfully
used to identify two-dimensional diffusion in 2H-Li,NbS,
taking place along the buried interfaces in the host material.
The R, rates of all samples show a small but clearly noticeable
logarithmic frequency dependence within the high temperature
limit characterized by @7, < 1; the rates measured are in good
agreement with the values expected for a 2D diffusion process if

DOI: 10.1021/am5078655
ACS Appl. Mater. Interfaces 2015, 7, 4089—4099



54 | Results

ACS Applied Materials & Interfaces

Research Article

the semiempirical spectral density function introduced by
Richards is used for the prediction. (ii) As has been shown via
R, NMR, the intercalation degree x influences Li ion diffusion
in 2H—Li,NbS, as expected. The larger x is chosen, the less the
vacancy concentration, which slows down Li diffusivity in the
van der Waals gap. This manifests itself in a characteristic shift
of the rate Rlp(l /T) peaks toward higher temperatures if x is
increased from 0.3 to 1. Moreover, the slow-down of Li
diffusivity is confirmed by a significant increase of the long-
range activation energy that is raised from 0.44 (x = 0.3) to 0.64
eV (x = 1) if deduced from the fits for 2D jump diffusion, that
is, Li ion diffusion along the inner van der Waals interface in
NbS,.
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3.2 Lithium ion diffusion in three-dimensional Li oxides

3.2.1 Extremely fast charge carriers in garnet-type LigLagZrTaO;,

The development of all-solid-state electrochemical energy storage systems (e.g. lithium-ion batteries
with solid electrolytes) requires stable, electronically insulating compounds with exceptionally high
ionic conductivities. The realization of next-generation and game-changing all-solid-state lithium-
based batteries, able to reversibly store electricity from, e.g., renewable but intermittent sources,
requires powerful lithium-ion conductors with exceptionally high ionic conductivities and negligible
electronic conduction. Such electrolytes would open the door to safe storage systems with high-energy
densities. If lammable liquid electrolytes can successfully be replaced by solid electrolytes, expected
to offer a wide electrochemical stability window, all-solid-state batteries could take advantage of using
high-voltage cathode materials and lithium metal on the anode side. Of course, their success will
depend on low interfacial resistances, including grain boundaries, and negligible degradation processes
at the electrode-electrolyte interface. The latter might be inhibited by using additional protective
layers consisting of moderate but inert Li ion conductors with a thickness of just a few nm. Considering
oxides, garnet-type LigLasZroyOqo (LLZO) and derivatives, see Zr-exchanged LigLa3ZrTaO;9 (LLZTO),

have attracted great attention because of their high Li" ionic conductivities of up to 107° S em™ b

Li(3) : 32g '
Li(2) : 16f Li(2) : 96h
Li(l): 8a Li(1) : 24d

Li;LagZryOqy LigLagZrTaO,,

Figure 3.1 — a) Crystal structure of tetragonal LigLa3ZroO14, space group I4;/acd. The Li ions are
distributed over three differen sites, 32g, 16f and 8a. This low-temperature modification possesses poor Li ion
dynamics due to a "clogged" diffusion pathway b) Crystal structure of cubic LigLagZrTaO14, space group
Ia3d. While La ions reside on the 24c sites, Zr and Ta share the 16¢ site. The Li ions are distributed over the
24d and 26h site. The latter is a split-atom site; only one of the closely neighbored positions can be occupied
by a single Li ion. The Li ions form a three-dimensional network of fast diffusion pathways due to a large
fraction of the 24d and 96h sites being vacant. The ZrOg octahedral sites are represented by gray polyhedra
and the LaOg dodecahedral sites are represented by green polyhedra.

Pure LLZO occurs in two structural polymorphs: a low-temperature tetragonal (space group
I4,/acd) and a high-temperature cubic phase (space group la3d) (see figure 3.1a)). At room
temperature the thermodynamically stable phase of LLzO is the tetragonal modification.[67, 68] In
order to stabilize the cubic modification at ambient temperatures, a variety of metals can be used as
a dopant to do so, e.g. germanium, tantalum, aluminium or niobium etc.[69-73] Compared to the
tetragonal modification, the cubic HT modification exhibits a disorder in the Li ion distribution. The
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cubic garnet structure is composed of a framework of 8-fold coordinated LaOg dodecahedra (24c¢) and
6-fold ZrOg octahedra (16a). Li' is located at interstitial sites, showing tetrahedral (24d), octahedral
(48g) and distorted 4-fold (96h) coordination (see figure 3.1b). The 96h site is a so-called split-atom
site; only one of the closely neighbored positions can be occupied by a single Li ion. The Li ions form
a three-dimensional network of fast diffusion pathways due to the fact that a large fraction of the
24d and 96h sites are vacant. Here, single crystalline LigLagZryOq5 served as a model system for
a comprehensive "Li NMR relaxation study to gain insight into the Li ion dynamics. In particular,
activation energies (F,) and Li correlation times (7,) have been determined.

LLZTO single crystals with the nominal composition LigLasZrTaO;9 were grown by the conventional
Czochralski technique. The starting materials were Li;COg, LagO3, ZrO9 and TagsO5. The carbonates
and oxides were dried and mixed in the required stoichiometry with a 10% excess of LisCO5. Afterwards
the powders were uniaxial pelletized, isostatically pressed at 2800 kbar and finally sintered at 1373 K
for 16h in air. Capped magnesia crucibles were used, while covering the pellets with the respective
LLZTO powder, to avoid Li-loss during the sintering process.

Because of the high melting temperatures, the sintered LLZTO samples were molten by radio
frequency induction heating using a 25 kW microwave generator. An iridium seed (pulling rate 1.5 mm
hfl, rotation speed 1 rpm) was used for the crystal growth performed under dinitrogen atmosphere.
An active afterheater was applied to adjust the temperature gradient in the set up. Thermal insulation
was established by an outer alumina ceramic tube filled with zirconia granules. Inductively coupled
plasma optical emission spectroscopy corroborated that the LLZTO single crystal obtained has indeed
the composition LigLazZrTaOq9. Results are presented in tables 3.1 and 3.2.

Table 3.1 — Data collection and results of structure refinement of garnet-type LigLagZrTaOq,.

parameter parameter

composition XRD Lis ogLag g9 Tay g9Zrg91012  space group Ta3d
diffractometer Bruker SMART APEX radiation Mo Ka
wavelength (A) 0.71073 crystal system cubic

a (A) 12.8768(2) volume (A) 914.94(2)

7 8 density D, (mg/m®) 5.693
crystal size (mm) 0.21 x 0.18 x 0.17 theta range (°) 3.876 - 38.910
index rangeh / K / 1 -22... 22 resolution d,y,;, (A) 0.57
reflections collected 313473 independent reflections 523

Rins 4.69 R1 (all data) 2.03
wR2 (all data) 3.83 GooF on F? 1.492
extinction coefficient 0.00087(4) largest diff. peak/hold ~ 0.713/-0.813 eA ™3

Table 3.2 — Fractional atomic coordinates and anisotropic and equivalent isotropic atomic displacement
parameters.

atom x/a y/b z/c Occ. Ui Uso Uss Ugs Uiz Uis Ugq

01 (96h)  0.10299(17) 0.19773(17)  0.28027(17) 1 0.0092(8)  0.0117(9)  0.0120(9)  0.0012(6)  0.0004(6)  -0.0005(6)  0.0110(4)

Lal (24c) 0.125 0 0.25 0.9748(8)  0.00958(13)  0.0070(1) 0.0070(1)  0.00295(9) 0 0 0.00786(9)
Zr1 (16a) 0 0 0 0.455(8)  0.00499(11)  0.00499(11) 0.00499(11) -0.00003(5) -0.00003(5) -0.00003(5) 0.00499(11)
Tal (16a) 0 0 0 0.545(8)  0.00499(11) 0.00499(11) 0.00499(11) -0.00003(5) -0.00003(5) -0.00003(5) 0.00499(11)
Lil (24d) 0.375 0 0.25 0.75(2)  0.025(12)  0.056(13)  0.056(13) 0 0 0 0.046(10)
Li2 (96h)  0.1470(16)  0.1760(17)  0.4387(17) 0.25(3) 0.011(6)

A well-established method for getting first insights into the jump processes of Li ions in solids

in a relatively easy way is the measurement of temperature-variable NMR line shapes. Line shapes
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measurements are sensitive to both local and long-range Li ion hopping processes. In addition to
possible quadrupolar effects at low temperatures, dipolar interactions broaden the spectra; such
interactions are averaged with increasing diffusivity of the spin-carrying ions. For this purpose,
static 'Li NMR spectra of single-crystalline garnet-type LigLagZrTaO were recorded as a function of

temperature (see figure 3.2).

273K 533K
223K 453K
fully narrowed
203K / line 373k
T T T T | T T T T |
-40 -20 0 20 40 -40 -20 0 20 40
chemical shift / kHz chemical shift / kHz

Figure 3.2 — Static "Li NMR spectra of single-crystalline garnet-type LigLa3ZrTaO;9 recorded at

wo/27x = 116.4 MHz. With increasing temperature T the line width of the central line, which is slightly
anisotropic at higher 7T, undergoes a pronounced motional narrowing due to averaging of (homonuclear)
dipole-dipole (7Lif7Li) interactions. Quadrupole intensities are significantly averaged due to lithium jump
processes.

The spectrum of LigLagZrTaO, is composed of a single Lorentzian-shaped central line with a
width (full width at half-maximum, FWHM) of ca. 800 Hz at room temperature. At lower temperatures
(T < 220 K), the NMR lines exhibit a Gaussian-like shape. With increasing T, the central line
transforms into an asymmetric Lorentzian-shaped line. The NMR line undergoes pronounced motional
narrowing (MN) with increasing temperature due to averaging of dipole—dipole (7Lif7Li) interactions
caused by increasing Li motions. As shown in figure 3.3, the central line of the garnet is already fully
narrowed at ambient temperatures indicating very fast lithium ion diffusivity. The rigid lattice regime
was not reached within the temperature range of the used setup (180 K to 400 K), meaning that MN

already sets in at temperatures below 180 K.

fwhm / kHz

°

| | |
0
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Figure 3.3 — NMR line width (full width at half-maximum, FWHM) as a function of temperature 7. The
solid line is to guide the eye. See text for further explanation.

In addition to the NMR line shape analysis, variable-temperature i spin-lattice relaxation (SLR)

NMR rates in both the laboratory frame and the rotating frame of reference were recorded. "Li
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SLR NMR rates in the laboratory frame of reference (1/7; = R;) were acquired under static, i.e.,
nonrotating conditions and "Li SLR NMR rates in the rotating frame of reference (1/1y, = R;,) were
recorded by using the well-established spin-locking technique at an angular locking frequency wi/2x of
20 kHz. The latter is per se sensitive to slower Li diffusion processes compared to NMR measurements
in the laboratory frame of reference. Both rates, R; and R;,, were obtained by parameterizing the
resulting magnetic transients M, (ty) and M, (t;o.), respectively, by stretched exponentials. (see
figure 3.4 for some selected R; and R, transients).

a) b)

amplitude / arb. u.

amplitude / arb. u.
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Figure 3.4 — Selected temperature-variable magnetization transients containing the "Li SLR NMR rates in the
laboratory (a) and rotating frame of reference (b). The colored transients indicate the highest and lowest
temperature measured. Solid and dashed lines show the fits using stretched exponentials of the form

M, (tg) < 1 — exp[—(ta/1,)"] and M, (t;per,) X exp[— (t1oek/T,,)"" ] with stretching exponents, v; and Vips
ranging from 0.3 to 1.0, respectively (see upper graph in figure 3.5).

"Li SLR rates, recorded in both the laboratory frame (R1) and the rotating frame of reference
(R1,), are shown as a function of the inverse temperature in an Arrhenius plot in figure 3.5. Both
rates, Ry and R, ,, increase with the temperature 7" and pass through a maximum at approximately
430 K and 280 K, respectively. A full diffusion-induced SLR rate peak was obtained for R;, by using
the aforementioned spin-locking technique. The rate maximum of the R;, rate peak is shifted towards
lower temperatures; the maximum occurs if the maximum condition w7, = 0.5 is fulfilled. Lithium
diffusivity is directly expressed by the correlation rate 7, ! being in the same order of magnitude
as the Li jump rate 7!, This allows the direct determination of the Li jump rate 77 which can
be estimated by using the above mentioned maximum condition. It is worth mentioning that this
estimation is based on an exponential correlation function for 3D diffusion. Here, at T},,,., the jump
rate 7' is in the order of 3 x 10° s ™'

To deduce activation energies from the R(1/7) and R;,(1/7) peaks and dynamic information
on the elementary jump processes, the rates were analyzed with modified BPP-type spectral density
functions J(wy, 7,) and J(wy, w;, 7.) that are based on exponential motional correlation functions G(t')
to describe the temperature dependence of Ry (1/7) and R, ,(1/T), respectively.[12, 39, 44, 67, 74] Since
the Lorentzian-shaped function J is directly proportional to R; and Ry, it can be derived from G by
Fourier transformation.[28] For three-dimensional diffusion processes at higher temperatures in the
limit Wo(p)T < 1, the spectral density function J is inverse proportional to the lithium residence time
7 according to J o< 7. Whereas in the LT limit where Wo(p)T > 1 holds, the proportionality is given by
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J x T_lwo_(ﬁ) with 1 < 8 < 2. Correlation effects are not taken into account in the original BPP-type
behavior and a 8 = 2 is predicted resulting in symmetrical relaxation rate peaks.[12, 39, 44, 75|
Asymmetrical peaks are usually found for structurally complex ion conductors.[67, 76] These materials
possess a broad range of short- and long-range motional processes affected by correlation effects
resulting from, e.g. Coulomb interactions.[42] For the investigated garnet-type LigLaszZrTaOq,, both

the Ry (1/7) and Ry,(1/T), BPP-type fits yield an asymmetry parameter 5, ~ 1.4.
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Figure 3.5 — Detailed view of the Arrhenius plot of the "Li SLR NMR rates of single crystalline LLZTO
recorded at a Larmor frequency of wo/27x = 116.4 MHz. The upper graph shows the corresponding stretching
exponents used to fit the transients with stretched exponentials. The solid lines represent a joint fit based on
the BPP model. The rates measured were parameterized with a single set of diffusion parameters.

The data perfectly mirror a modified BPP-type relaxation response being based on a Lorentzian-
shaped relaxation function. The NMR peaks R;(1/7) and Ry,(1/T) of LigLagZrTaO,4 are analyzed in
terms of a global fit (solid lines in figure 3.5), that is, linking the fitting parameters such as wy, the
activation energies, and coupling constants. In the present case, the best fit is obtained when 8 # 3,
The nondiffusive background relaxation of the R;(1/T) rates, which occurs below 240 K, was taken
into account by using an appropriate power law: Ry oc T,

An apparent activation energy of E, = 0.23(6) eV and E, = 0.24(0) eV was determined from the
LT flank from the slopes of R; and R, respectively of the fits shown in figure 3.5. These values, since
they are deduced in the LT limit of a diffusion-induced rate peak, reflect short range Li ion dynamics
being predominant in this temperature range. In the HT regime, where wy T <1 holds, an activation
energy of 0.51(3) eV was determined from the corresponding flank of the fit. The activation energies,
determined in the limit wo(p)T < 1 of the NMR peak, are expected to be governed by an activation
energy being similar to that found by DC-conductivity measurements. The activation energy from SLR
NMR are in excellent agreement with results deduced from ongoing conductivity studies. In concreto,
impedance spectroscopy revealed an activation energy Eg © of 0.47 ¢V and a conductivity in the order

of 29x 107 S cm ™! at room temperature.
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In conclusion, single-crystalline garnet-type LigLagZrTaO5 is a material with a noteworthy high
Li diffusivity. The long-range jump process is characterized by an activation energy of 0.5 eV, whereas
the short-range jump process only has a hopping activation energy of 0.2 eV. The high diffusivity of
the material is manifested in the R, p(l/T) rate peak maximum showing up at a very low temperature
of 280 K. The high Li diffusivity found makes the material a potential candidate for all-solid-state
lithium battery.
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3.2.2 Li ion dynamics in Bi-doped garnet-type Liy_, LagZrs .Bi, Oo

For more detailed information on the properties of Li; ,LasZry ,Bi, Oq4, the reader is referred to the
hereafter publication. First insights on lithium-ion dynamics were deduced from variable-temperature
NMR line-shape measurements. The motional narrowing of "Li NMR line width (full width at half
maximum, FWHM) was used to predict the influence of Bi-doping on Li ion dynamics. At elevated
temperatures, motional narrowing of the NMR line sets in as a result from averaged dipole—dipole
interactions due to increased Li exchange processes. A closer look at the NMR lines of both samples
x = 0.1 and x = 0.9, respectively, reveals that the central line of Lig ;LazZrg1Bip¢Oqo is almost fully
narrowed at ambient temperatures (see insert in figure 3.6), whereas the line of Lig gLagZry gBig 1012
reaches full narrowed lines at much higher temperatures, around 460 K.

In addition, "Li SLR NMR was employed to study Li diffusion parameters in more detail. Here, i
R, rates were measured at a Larmor frequency of wo/27 = 116.4 MHz to quantify lithium diffusion
in terms of activation energies. The R; rates were determined by parameterizing the resulting
magnetization transients with exponential functions. The NMR spectra showed that fast translational
Li ion dynamics are only observed for samples with large amounts of Bi incorporated (z > 0.8);
therefore, two samples of Li;_,LagZr;_,Bi Oy with 2 = 0.1 and = 0.9 were investigated in more
detail with SLR NMR measurements. In figure 3.6, the rates Rq (1/T) vs. the inverse temperature are

shown as an Arrhenius plot; together with an inset containing the motional narrowing.[77]
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Figure 3.6 — Arrhenius plot of the "Li NMR Ry rates of Li;_,LagZry_,Bi, O3 with £ = 0.1 and x = 0.9
recorded in the laboratory frame of reference measured at wo/27x=16.4 MHz. The colors refer to the
intercalation degree z of the samples (x = 0.9 - red e and z = 0.1 - gray e). Inset: "Li NMR line width
(FWHM) as a function of temperature 7T'. The dashed line is drawn to guide the eye.

By increasing the temperature T, the rates for z = 0.9 pass over into the so-called LT flank of
a diffusion-induced peak and pass through a well-defined maximum showing up at the temperature

Tinaz = 440K. However, because of slow lithium-ion diffusion, the HT flank could not reached by the
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rates of the sample with £ = 0.1. Since our NMR setup allows only measurements up to 600 K, it was
not possible to reach the maximum. While the HT flank entails information on long-range diffusion,
the LT flank is affected by local, within-site ion dynamics, which can be additionally influenced by
correlation effects such as Coulomb interactions and structural disorder. By comparing both rates to
each other, the results reveal that Li diffusivity in Li;_ LagZr;_,Bi, Oq9 with 2 = 0.9 is faster than
for x = 0.1. This is in perfect agreement with the preliminary results of temperature-variable NMR
line shape measurements published (see following publication for more detail).

Ultimately, the diffusion-induced rate peak R; of x = 0.9 was fitted by using the spectral density
function developed for three-dimensional diffusion introduced by Bloembergen, Purcell and Pound
(BPP).[39] In figure 3.6, the corresponding BPP-type fit for = 0.9 is shown as a dashed red line. The
measured SLR NMR rates (8 = 1.93) seem to follow the classical BPP relaxation behavior given by
R, 2
the flanks the activation energy for both samples was determined. The range of data points used for

X wy T, ! for w17, > 1. The solid lines in figure 3.6 represent Arrhenius fits; from the slope of
the fitting procedure is marked by the arrows drawn. An activation energy E.' of 0.20(1) eV was
extracted from the LT flank of the rate peak. A higher activation energy of 0.31(1) eV is found for
Li7,ILa3Zr1,$Bi$012 with x = 0.1 .

The "Li SLR NMR measurements in the laboratory frame of reference confirmed the initial prediction

that fast translational Li ion dynamics are only observed for samples with higher bismuth content.
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ABSTRACT: Li oxide garnets are among the most promising candidates for solid-
state electrolytes in novel Li ion and Li metal based battery concepts. Cubic
Li;LayZr,0y, stabilized by a partial substitution of Zr** by Bi** has not been the
would be a cost-effective alternative
to other stabilizing cations such as Nb** and Ta*". In this study, Li,_,.La;Zr,_,Bi,O},
1.00) was prepared by a low-temperature solid-state synthesis
route. The samples have been characterized by a rich portfolio of techniques,
including scanning electron microscopy, X-ray powder diffraction, neutron powder

focus of research yet, despite the fact that Bi**

(x = 0.10, 020, ..,

Li.La,Zr,0 Li,

372712

14 Jacd

JLazZr, Bi O

37 2% x 12

la3d

diffraction, Raman spectroscopy, and 'Li NMR spectroscopy. Pure-phase cubic
garnet samples were obtained for x > 0.20. The introduction of Bi** leads to an increase in the unit-cell parameters. Samples are
sensitive to air, which causes the formation of LiOH and Li,CO; and the protonation of the garnet phase, leading to a further

increase in the unit-cell parameters. The incorporation of Bi**

on the octahedral 16a site was confirmed by Raman spectroscopy.

’Li NMR spectroscopy shows that fast Li ion dynamics are only observed for samples with high Bi** contents.

1. INTRODUCTION

Li stuffed oxide garnets have received much scientific attention
as fast Li ion conductors. In particular, cubic Li;La;Zr,0,,
(LLZO) with its excellent chemical and thermal stability as well
as its electrochemical inertness against Li metal is perfectly
suited to be used as solid electrolyte and protecting layer in the
next generation of all-solid-state Li ion and Li metal battery
concepts.l'2

Pure LLZO occurs in at least two structural polymorphs: a
low-temperature tetragonal (space group I4,/acd) and a cubic
“high-temperature” phase (space group a3d)."” Since the Li
ion conductivity of the cubic phase is at least 2 orders of
magnitude higher (107 to 107> S cm™" at room temperature)
in comparison to the tetragonal phase, the stabilization of the
cubic phase at room temperature is highly needed.’

Fortunately, the cubic polymorph can be stabilized at room
temperature by doping with supervalent cations such as
AP 278 Fe3* 219 and Ga*,''™'* which are incorporated on
the 4-fold coordinated 24d/96h positions replacing Li*, Ce*
replacing La* on the 8-fold coordinated 24¢ position,'> and
Mo, 1617 NBS*,18 Tt 121319=21 g5+ 22 a6 23 b 24 4 q
Y>> replacing Zr** at the octahedrally coordinated 16a
position. It was recently shown by Xia et al. that a stabilization
of the cubic Ia3d modification can also be achieved by a partial
substitution of Zr*" with Bi**; the end member LisLa;Bi,O;,
(LLBO) was already described by Murugan et al. and further
discussed in several other studies.”®™>°

v ACS Publications © 2016 American Chemical Society

The Li ion conductivity of LLZO at room temperature is still
1-2 orders of magnitude lower than that of widely used liquid
electrolytes or other superionic conductors: e.g, Li;(GeP,S;,,
and Li;, AL Ti, (PO,); (LATP).>'~** Hence, there is great
interest in further improving its Li ion conductivity by
microstructural and crystal chemical engineering.

The Li ion conductivity of cubic LLZO depends on various
factors, such as, e.g,, (i) amount of mobile charge carriers, (ii)
vacancy concentration, (iii) coordination number of Li ions,
(iv) strength and length of Li—O bond, and (v) microstructure
of samples.”™

These factors are strongly influenced by the cations that are
added to stabilize the cubic Ia3d modification of LLZO. Since

** has a larger ionic radius in comparison to Zr*', the unit-cell
parameter g, for LiLa;Bi,O;, (LLBO) is significantly larger in
comparison to that of LLZO stabilized with other dopant
elements (13.065 vs 12.97 A).>7%7

We decided to study the LLZO—LLBO solid solution, in
order to systematically vary a, and the Li content. Therefore,
we synthesized Li,_ La;Zr,_,Bi, O, (LLZBO) with varying Bi
contents (x = 0.10, 0.20, .., 1.00) by solid-state synthesis at
comparatively low temperatures. By means of X-ray powder
diffraction (XRPD) and neutron powder diffraction (NPD) we
studied the exchangeability of Zr** by Bi** in the LLZO—LLBO
solid solution (LLZBO) and its stabilization effect on the cubic
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Figure 1. SEM-BSE images of Li;_ La;Zr, Bi,O,, with different magnifications.

LLZO structure. The influence of Bi** on the microstructure
was evaluated by scanning electron microscopy (SEM) using
backscattered electrons (BSE) and secondary electrons (SE).
Energy-dispersive X-ray spectroscopy (EDX) measurements
were performed to investigate the chemical composition of
samples with regard to La, Zr, and Bi. Raman spectroscopy was
applied to obtain information on the site occupation behavior
of Bi**. Finally, "Li nuclear magnetic resonance (NMR) line
shape measurements were employed to study Li ion dynamics
as a function of 4, and composition.

2. EXPERIMENTAL SECTION

2.1. Synthesis. A series of Li,_JLa;Zr, Bi O, garnets with
intended mole fractions of Bi (x,) = 0.10, 0.20, .., 1.00 was
synthesized by sintering in air. The starting materials were Li,CO;
(99%, Merck), La,05 (99.99%, Roth), ZrO, (99.0%, Roth), and Bi,O5
(99.0%, Merck). The reagents were weighed out in their intended
stoichiometric proportions with an excess of 10 wt % of Li,CO; to
compensate for the loss of Li,O during sintering. The reagents were
mixed in an agate mortar and then cold-pressed into pellets with the
help of a uniaxial press. The pellets were put into an alumina crucible.
To avoid contamination with AI** from the crucible, the samples were
placed on a pellet of pure LLZO. During the first sintering step, the
samples were heated to 850 °C at a rate of 5 °C min™" and calcinated
for 4 h. The resulting pellets were then removed from the furnace,
ground in an agate mortar, and ball-milled for 1 h in isopropyl alcohol
(FRITSCH Pulverisette 7, 800 rpm, 2 mm ZrO, balls). After drying in
air, the powder was again cold-pressed into pellets. The sample pellets
were again placed on a pellet of pure LLZO and then put into an
alumina crucible. The final sintering step was performed at 850 °C for
8 h in air. Small fragments of the sintered pellets were ground in an
agate mortar and used for the XRPD, NPD, and NMR investigations.
Material used for the last two characterization methods was stored
under Ar. For SEM analysis, polycrystalline chips from the sample
pellets were embedded in epoxy resin. The surface was ground and
then polished using diamond paste. Relative densities of unaltered
samples have been measured by pycnometry. The influence of the Bi**

content and the unit-cell parameters on the theoretical densities has
been considered by using theoretical densities obtained from Rietveld
refinement of XRPD data. In addition, the presence of extra phases has
also been taken into consideration.

2.2. SEM. Scanning electron microscopy investigations were
performed using a Zeiss Ultra Plus device to determine the grain
size and grain morphology of the samples. In particular, we put
emphasis on the investigation of the phase composition and the
chemical homogeneity, i.e. the distribution, of La, Zr, and Bi, using a
backscattered electron detector (BSE) and energy-dispersive X-ray
spectroscopy (EDX) measurements with an acceleration voltage of 20
kv.

2.3. XRPD. X-ray powder diffraction patterns were recorded with a
Bruker D8 Advance DaVinci Design diffractometer with a Lynxeye
solid-state detector using Cu Ka radiation to characterize the synthetic
products in terms of all phases present and to determine the symmetry
of the garnet. Data were collected in the range 10° < 26 < 80°. For a
precise determination of the unit-cell parameter a, separate
measurements were performed with addition of a silicon standard
with a well-known lattice constant (a, = 5.43088 A) to each sample.
XRPD patterns were recorded on fresh samples immediately after
synthesis as well as on samples that were stored in air for 1 and 3
weeks, respectively. The unit-cell parameter a, was determined by
Rietveld refinement using the program Topas V2.1 (Bruker).

2.4. NPD. Neutron powder diffraction measurements were
performed at the Institut Laue-Langevin (ILL) in Grenoble, France.
Powder diffraction data were collected at room temperature in
constant wavelength mode with 4 = 1.594 A at the D2B diffractometer.
Experiments were performed with a step width of 0.04° in the range
5.8° < 20 < 159.7°. Data treatment and refinement were carried out
with the FULLPROF suite of programs.® In all data evaluations, the
La, (Zr + Bi), and O atom positions were refined using anisotropic
atomic displacement parameters; the atomic displacement factor for
the Lil positions was refined isotropically while that of Li2 was set to
3.5 to avoid large correlations with the occupation factor. Site
occupancies on Li sites were then allowed to refine unconstrained and
(Zr + Bi) was fixed to full occupation of this site; however, the relative
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Figure 2. XRPD patterns of as-synthesized Li;_ La;Zr, Bi O,, samples. Peaks at 20 = 28.6°, marked with open circles, are attributed to small
amounts of La,Zr,0,, while peaks at 26 = 31.8°, marked with black squares, are attributed to Li,CO;.

Table 1. Refined Bi’* Content x,,;, Relative Density, and Unit-Cell Parameters a, of LLZBO Derived from Rietveld Refinement
of XRPD Data Collected Immediately after Synthesis as well as after Air Exposure for 1 and 3 Weeks, Respectively

a (A)
o Keef rel density (%) as synthesized after 1 week after 3 weeks
0.10 0.155 69 13.00265(57) 13.01189(23) 13.05982(40)
020 0.187 71 13.00222(27) 13.03072(31) 13.06170(43)
030 0283 7 13.00547(48) 13.04424(33) 13.06736(39)
0.40 0.404 68 13.01373(53) 13.04441(28) 13.07248(47)
0.50 0495 70 13.01896(72) 13.05463(25) 13.08688(20)
0.60 0.602 72 13.02295(17) 13.05933(33) 13.08769(12)
070 0.708 74 13.02912(29) 13.07479(23) 13.08501(18)
0.80 0.806 80 13.03307(31) 13.07065(23) 13.08578(15)
090 0.893 85 13.03699(37) 13.07647(23) 13.08517(21)
1.00 1.000 89 13.04522(31) 13.06803(33) 13.08144(25)

amounts of Bi and Zr were allowed to refine freely. The results for Bi
and Zr occupancies agree well with those of XRPD refinements.

2.5. Raman Spectroscopy. Raman spectra of the sample pellets
were collected at room temperature with a Thermo Scientific DXR
Raman microscope using a 10 mW depolarized internal laser light
source with an excitation wavelength of 780 nm. The Raman
microscope was equipped with a high-resolution grating, allowing
the collection of Raman spectra from 50 to 1800 cm™! with a spatial
resolution (fwhm) of 2 cm™.

2.6. ’Li NMR Lines. For the 'Li NMR line shape measurements
under static, i.e., nonrotating, conditions the samples were ground in
an agate mortar and fire-sealed under vacuum in DURAN glass
ampules (ca. 4 cm in length and 0.5 cm in diameter) to permanently
protect the powders from any moisture or air. 7Li NMR measurements
were performed using a Bruker Avance III spectrometer, which was
connected to a shimmed cryomagnet (Bruker) with a nominal external
magnetic field of By = 7.04 T; the "Li resonance frequency w/27 was
1164 MHz. 'Li NMR spectra were recorded with the saturation
recovery pulse sequence. In our case, this sequence contained 10 7/2

12213

pulses to destroy any longitudinal magnetization M. After a constant
waiting time, the magnetization recovered was flipped into the (xy)’
plane via a final 77/2 pulse to detect the free induction decay. Fourier
transformation and subsequent phase correction led to the spectra
shown in this work.

3. RESULTS

3.1. Crystal Size, Morphology, and Chemical Compo-
sition As Seen by SEM and SEM-EDX. After the final
sintering step, the sample pellets have a yellow color, the
intensity of the color rising with increasing Bi content. Polished
samples were examined by SEM-BSE. Figure 1 shows SEM-
BSE images of samples with different Bi contents. The grain
size of the samples is around 1—3 pum. Single grains show an
isometric shape. The Bi concentration does not have a
significant effect on the grain size, but an improved
densification is noted for samples with higher Bi concen-
trations. SEM-EDX measurements of La, Zr, and Bi show that
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sample compositions for these elements are well in agreement
with the intended stoichiometries. Very frequently, a fine-
grained phase was found between single LLZBO grains. This
phase is interpreted as a mixture of LiOH and Li,CO; that
formed during processing and polishing of samples.

3.2. Phase Composition and Unit-Cell Parameters As
Seen via XRPD. The XRPD patterns of the
Li,_,La;Zr,  Bi Oy, (%, = 0.10—1.00) are shown in Figure 2.
The phase compositions of the samples were evaluated by
Rietveld analysis. All samples exhibit reflections indicating cubic
Ia3d symmetry. For the sample with x,, = 0.10, Rietveld
refinement shows about 66% of tetragonal LLZO and 34% of
cubic garnet. Some samples show a small peak at 20 = 28.6° (d
= 3.12 A), which can be attributed to La,Zr,0O,, while other
samples show a reflection at 20 = 31.8° (d = 2.81 A), indicating
the presence of small amounts of Li,COj;. If Zr and Bi contents
on the octahedral 16a site are allowed to refine freely during
Rietveld refinement, the refined Bi contents x,.¢ obtained from
these refinements are well in accordance with the intended Bi
contents x;,, (see Table 1). Reflections show a relatively broad
peak shape, especially at high 26 angles.

As shown in Figure 3 and Table 1, the unit-cell parameters of
LLZBO samples increase with increasing Bi content. For low Bi
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= 13.08} .
N r " L] ']
% 13.06 . n
2 L
s 13.04} .. .« °
3 3 = « °
= 13.02f . ° 1
:3 I = . ° ® as-synthesized
£ 1300 °* ° = after 1 week
= + after 3 weeks
0.20 0.40 0.60 0.80 1.00
x_ /pfu

int

Figure 3. Unit-cell parameters a, of as-synthesized LLZBO samples
(black dots) and LLZBO samples after storage under air for 1 week
(red squares) and 3 weeks (green triangles), respectively.

concentrations, the lattice parameter 4, is around 13.00 A and
increases up to 13.04 A for the sample with x,,, = 1.00. This
observation is in agreement with Vegard’s law, as 6-fold
coordinated Bi** shows an ionic radius of 0.76 A, which is larger
than that of 6-fold coordinated Zr** (0.72 A).*” The correlation
between the intended Bi content x;, and the unit-cell
parameter g, of LLZBO can be expressed by a simple linear
regression: ay = 0.0494x;, + 12.994. A comparison with other
studies on LLZBO shows that the unit-cell parameters obtained
in this work are systematically higher; however, the slope of the
linear regression is in agreement with other studies on LLZBO
and LLBO.”*"** The comparatively large unit-cell parameter
might not only be attributed to the increase caused by the
substitution of Zr*" by Bi**; it also seems to be related to a
partial protonation of LLZBO due to a reaction of the garnet
phase with moisture from the air, as this behavior was described
for similar compounds as well.*>** This is also indicated by the
presence of Li,CO; as mentioned above, as Li,COj; can result
from the reaction of CO, from air with LiOH, which is a side
product of the protonation of LLZO-type materials."'~**

3.3. Stability of LLZBO in Air. To study the stability of
LLZBO in air, samples were ground in an agate mortar and
stored under air for 1 and 3 weeks, respectively. XRPD
measurements including a silicon standard were performed to

investigate the formation of secondary phases as well as to
determine the unit-cell parameters. The evolution of the unit-
cell parameters as a function of the Bi content and the duration
of exposure is shown in Figure 3 and Table 1. It is clearly visible
that the unit-cell parameters increase if samples are stored
under air. This increase is attributed to the protonation of the
garnet phase, which was also reported by other studies on
LLZO.**" The protonation reaction also causes the formation
of Li,CO;. The presence of small amounts of Li,CO; in aged
samples was confirmed by XRPD measurements due to the
presence of an additional reflection at d = 4.16 A. The peak
width of LLZO reflections, especially at high 26 angles,
increases even further in comparison to XRPD patterns of fresh
samples; however, attempts to perform a fit using two different
LLZBO garnets with different unit-cell parameters did not lead
to a significant improvement. Attempts were also made to
perform a structural refinement using the I43d model, which
was recently reported for protonated Li oxide garnets and
LLZO garnets stabilized with certain cations such as Ga** and
Fe**.*%™~%7 As the characteristic 310 reflection of space group
I43d, which appears at d = 4.10 A (20 = 21.6°) for LLZO
garnets with a unit-cell parameter of 12.97 A, would shift to
larger d values due to the increasing unit-cell parameters of
LLZBO, it might be possible that the additional reflection at d
=4.16 A (20 = 21.35°) is related to the phase transformation to
the I43d space group. Rietveld refinement showed that, even
for strongly protonated LLZBO samples with large unit-cell
parameters of 13.08 A, this characteristic 310 reflection of space
group I43d would be located at d = 4.138 A (20 = 21.45°).
Therefore, the additional reflection at d = 4.16 A (20 = 21.35°)
is attributed to the 110 reflection of Li,CO; and not to a
LLZBO garnet phase with space group I43d. In addition, the
evolution of a small peak at 20 = 31.8° (d = 2.81 A) can also be
related to Li,COj;. The presence of Li,CO; was also confirmed
by evaluation of NPD measurements as well as by Raman
spectroscopy.

3.4. NPD. Results of neutron powder diffraction generally
confirmed the results obtained by XRPD. Refinement results of
2 different NPD measurements are shown in Figures SI and S2
in the Supporting Information. As the samples were stored
under an Ar atmosphere, NPD samples were only slightly
affected by protonation and aging, in comparison to samples
from XRPD measurements. The Li,CO; contents were
quantified for all LLZBO samples, yielding about 2% Li,COj.
Small contents of LiOH were found as well. As determined by
XRPD, the sample with x;, = 0.10 still shows both tetragonal
I4,/acd and cubic Ia3d garnet modifications. In contrast to the
evaluation of XRPD data, a model with two different cubic
(space group Ia3d) LLZBO phases was used for the evaluation
of NPD data of samples with x;,, > 0.30, as the data quality and
resolution of data obtained from NPD are better than those
obtained from XRPD. This model consists of an LLZBO phase
that is unaffected or only slightly affected by protonation and a
second LLZBO phase which is strongly affected by protonation
on the 96h site, therefore showing a larger unit-cell parameter.
For this second phase only H" was assumed to occupy 96h;
fractional atomic coordinates are close to those reported
recently for protonated LLZO with space group [a3d.** In the
unprotonated material, the Li content decreases with increasing
Bi content, for both the Lil and Li2 sites to similar extents;
however, data overlap is large so that no additional detailed
structural parameters can be extracted. Unit-cell parameters of
unprotonated and protonated LLZBO phases of different
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samples obtained by Rietveld refinements of NPD data are
shown in Table SI and Figure S3 in the Supporting
Information; the corresponding structural data of selected
samples are given in Table S2 in the Supporting Information.
Unit-cell parameter values for unprotonated LLZBO samples
are similar to values of as-synthesized values obtained from
XPRD; while the unit-cell parameters of protonated LLZBO
phases are similar to XRPD-derived values of samples that have
been stored in air for 1 week. The discontinuity of the unit-cell
parameter between samples with x,,, = 0.70 and x;,, = 0.80
might be related to different alteration stages that could not be
resolved. Rietveld refinements yield protonated garnet contents
between 22% and 34%.

3.5. Raman Spectroscopy. Raman spectra of LLZBO
samples are shown in Figure 4.

010 020 030 040 050 060 070 0.80 090 1.00

*k *

e |
200 400 600 800 1000
Raman shift / cm™

Figure 4. Raman spectra of Li;_La,Zr, Bi, O}, samples (x = 0.10,
0.20, ..., 1.00). Bands at 156, 195, and 1090 cm™’, marked with stars,
are attributed to Li,CO; Two vertical lines have been added to
highlight the shifting of bands.

In general, the obtained spectra show a good coincidence
with other spectra of cubic LLZO stabilized with different
aliovalent cations.'®'”****** In addition to the characteristic
LLZO bands, additional bands at 156, 195, and 1090 cm™! were
observed for all samples. These bands can be assigned to
Li,CO3.*"*'7%* Considering the evolution of the Raman
spectra depending on the variation in the Zr/Bi ratio, the
most prominent features are two bands at ~590 and ~650
cm™!, respectively, which show a distinct trend, depending on
the Bi content. The band at ~590 cm™" gets more intense and
slightly shifts to lower wavenumbers with increasing Bi content,
whereas at the same time the intensity of the band at ~650
cm™' decreases and the band shifts toward higher wave-
numbers. Bands in this region are interpreted as M—-O
breathing modes of the octahedral 16a position. Mukhopad-
hyay et al. observed that the Zr—O associated band appears at
640 cm™', whereas a Ta—O associated band is present at 720
em™."? This effect was due to a shorter bond length of Ta—O
in comparison to Zr—O. Rettenwander et al. observed an
analogous effect for Li;_,La;Zr, Mo®,0y,, as they observed
the appearance and intensity increase of a band at ~770 cm™'
with increasing Mo content of the garnet.'® The evolution of
the Raman spectra of LLZBO can be explained similarly. The
progression of the band at 590 cm™ is considered as an effect

of the extended bond length of Bi—O bonds in comparison to
Zr—O bonds, as the ionic radius of Bi*" is larger than that of
Zr*', resulting in the appearance of a band at smaller
wavenumbers, which slightly shifts to lower wavenumbers
with increasing Bi contents, in accordance with the slightly
increasing unit-cell parameters of the LLZBO samples with
increasing Bi contents. Another interesting feature can be
observed in the low-wavenumber region between 200 and 400
em™), in particular for samples with high Bi** contents (x;, =
0.80—1.00). Raman spectra show a broadening of the bands in
this region. The broad bands were also found in other studies
and have been attributed to disorder caused by the migration of
highly mobile Li* ions along the Li* diffusion pathways.*>*"**
These observations are well in accordance with results of "Li
NMR spectroscopy.

3.6. Static ’Li NMR Spectra: Line Narrowing. NMR line
shapes of the quadrupole "Li nucleus (spin quantum number I
= 3/2) are sensitive to both local and long-range Li ion hopping
processes. In addition to possible quadrupolar effects, at low
temperatures dipolar interactions broaden the spectra; such
interactions are averaged with increasing diffusivity of the spin-
carrying ions. Thus, by a comparison of line shapes of samples
with different compositions at the same temperature,
preliminary information on Li ion dynamics can be deduced.
For this purpose, static 'Li NMR spectra of Li,_,La;Zr, ,Bi,O,,
(% = 0.10—1.00) were recorded at three different temper-
atures at a Larmor frequency of w,/27 = 1164 MHz (see
Figures S and 6).
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Figure 5. 'Li NMR line width (fwhm = full width at half-maximum,
116 MHz) as a function of temperature T. The lines are drawn to
guide the eye. The higher the Bi content, the faster the Li ions
exchange among the crystallographic sites in the garnets. See the text
for further explanations.

While at a Bi content of x;,, > 0.60 the line width (full width
at half maximum), when read off at 273 K, ranges from
approximately 6 to ca. 7 kHz, it clearly drops down to only 850
Hz when x;,, = 1.00 is reached (Figure S). Importantly, already
at x;,, = 0.80 a narrow top superimposes the broad Gaussian-
shaped line which characterizes the central line of the other
samples (see Figure 6). The narrow component is the first
indication of a fast-diffusing spin subensemble having access to
jump pathways with low activation barriers. At x;,, = 1.00 the
narrow line governs almost the whole NMR spectrum (Figure
6), which reveals that almost all Li ions participate in fast ion
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Figure 6. Static Li NMR spectra of Li;_,La;Zr,_Bi,Oy; (%, = 0.10—
1.00) recorded at wy/2xr = 116.4 MHz and 273 K. Full line narrowing
is reached at x;,, = 0.90; at this composition, quadrupole intensities are
significantly averaged due to Li jump processes. The sample with x;,, =
0.80 already reveals a two-component line shape representing fast and
slow Li ions. See the text for further explanation.

exchange. The central line of the sample with x;,, = 1.00 does
not change further with increasing temperature; at T > 273 K
the shape of the spectra remains unchanged, demonstrating that
the extreme narrowing regime was already reached at 273 K
(Figure S). On consideration of a rigid-lattice line width, v, on
the order of a few kilohertz, at 273 K (and also higher
temperatures) the Li jump rate 7' is estimated to be at least of
the same order of magnitude. This is in contrast to the samples
with x5, > 0.60: up to T & 310 K only the rigid-lattice regime is
detected (Figure S). The corresponding mean Li jump rate
turns out to be much lower than v, and, hence, has no effect on
the line width. Hence, significant Li ion dynamics, able to
average homonuclear dipole—dipole couplings, is only observed
for samples with large amounts of Bi incorporated. The change
in rigid-lattice line width with increasing x;,, cf. the samples
with x;, < 0.60, presumably reflects a decreasing Li—Li distance
to which v, is sensitive.

Li diffusivity averages not only magnetic dipolar but also
electric quadrupolar interactions. These effects result from the
interaction of the quadrupole moment of the Li nucleus with a
nonvanishing electric field gradient at the nuclear site. In
contrast to the situation with no electric field gradient, the four
Zeeman levels are perturbed so that, in the case of a
polycrystalline sample, a powder pattern shows up (Figure 6).
Li diffusivity also affects this pattern, leading to averaged
quadrupole satellite lines at sufficiently high temperatures. For
%jne < 0.80 the NMR lines reveal distinct patterns (see also the
inset shown for the sample with x;,, = 0.10 in Figure 6). The

90° singularities, marked in Figure 6 with dots, point to
coupling constants in the order of 60 kHz. The larger the x;,,
value, the higher the Li exchange among the electrically
different Li sites. Sufficiently fast exchange causes the pattern to
vanish. At T values much higher than those covered in this
study, the emergence of a new, fully averaged quadrupole
powder pattern is expected, characterized by a reduced
coupling constant.

4. DISCUSSION

The main goal of this study is to observe the influence of a
partial substitution of Zr* by Bi** in LLZO and the
stabilization of the cubic phase. Pure-phase cubic samples
were obtained for Bi contents x;,, > 0.20, which is consistent
with the results of previous studies.”® It has to be noted that
pure-phase cubic garnet samples are obtained by comparatively
low Bi contents, as much higher dopant concentrations are
needed if other substituting cations, such as Ta®* and Nb**, are
used as substituents for Zr*.>>>° Rietveld refinement of XRPD
data confirms a systematic increase of the unit-cell parameter
with increasing Bi** content; additionally, the increase of the
unit-cell parameter is partially caused by a protonation of the
garnet phase. The increase of the unit-cell parameter due to
protonation and the observation of Li,COj; from NPD as well
as from Raman spectroscopy indicate that LLZBO is unstable
in air. As NPD samples, which have been stored under Ar
directly after the synthesis, already show the first signs of
protonation, the protonation might already start during the
cooling of samples in the furnace. Reactions with H,O and CO,
from the air cause the formation of LiOH and Li,CO; and lead
to a protonation of the garnet, which has negative effects on the
ionic conductivity.**"*°*7>” Due to the small grain size of the
samples and the high porosity of the pellets, both being side
effects of the low sintering temperature, the samples provide a
large surface for interactions with air. LLZBO samples from this
study seem to be very prone to these reactions, as the increase
of the lattice parameter was observed after less than 1 week of
storage in air. Even samples characterized by XRPD
immediately after synthesis show indications for the aging
process mentioned above. Li,CO; was partially also docu-
mented from XRPD measurements of samples immediately
after synthesis; however, small concentrations of Li,COj; are
hardly observable by XRPD. LLZBO samples stored under Ar
were less affected by the aging process, as the unit-cell
parameters obtained by NPD, where samples have been stored
under Ar, were lower than those obtained from XRPD.
However, even NPD samples showed indications for the aging
process such as the formation of Li,CO; and the presence of
protonated LLZBO. Therefore, the exposure of LLZBO to air
should be strictly avoided. In addition, an enhancement of the
density of LLZBO samples would also be beneficial, as the
surface area of LLZBO grains available for interaction with air
would decrease. An increase in the density of LLZBO samples
will also have positive effects on the Li ion conductivity.
Results from ’Li NMR spectroscopy show that fast Li ion
diftusivity for LLZBO is only achieved for high Bi contents. As
the samples have been stored under Ar, the samples have not
been significantly affected by protonation and the results show
a very clear trend as a function of the Bi content. Xia et al.
studied the Li ion conductivity of cubic LLZBO with x = 0.20
and obtained a Li ion conductivity of 2.6 X 107 S cm™.*° The
results from this study indicate that higher Li ion conductivities
might be achieved by using samples with higher Bi contents.
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Also for Ta-stabilized LLZO, the highest conductivities were
reported for Ta contents of 0.60 atoms per formula unit.** The
results of Xia et al. also show that an increase of the density of
samples, either by higher sintering temperatures or by the
introduction of AI* that acts as a sintering aid, are beneficial for
the Li ion conductivity. As stated above, an improved
preparation route for LLZBO will be necessary to obtain
satisfying electrochemical performances. As Ga®* seems to be
an even more effective sintering aid for LLZO in comparison to
AP, it may be worth preparing and studying Ga-bearing
LLZBO samples as well.

5. CONCLUSIONS

The cubic modification of LLZO can be stabilized by a
substitution of Zr** with Bi**. Samples prepared by a low-
temperature synthesis route show a broad peak shape in XRPD
and are sensitive to moisture and CO, content in air, which
leads to the protonation of LLZBO and the formation of LiOH
and Li,COj;. This aging has been proven by NPD and Raman
spectroscopy as well. The incorporation of Bi into the LLZO
structure leads to the evolution of an additional band in the
Raman spectra at ~590 cm™. ’Li NMR spectroscopy shows
that fast translational Li ion dynamics are only observed for
samples with large amounts of Bi incorporated.
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3.3 The influence of mechanical treatment on lithium diffu-
sivity
3.3.1 Li ion diffusion and ionic conduction in aluminosilicate LiAlSi;Oqg

Experimental

The LiAlSi; O glass was provided by Schott Glaswerke (Germany) and was prepared by mixing the
appropriate amounts of Li;CO3, Al,O3 and SiO5. The glass was obtained from the melt by roller
quenching. The glass is fully x-ray amorphous (see figure 3.7). Microcrystalline LiAlSi;O;y was
prepared by devitrification of the glassy source material and subsequent grinding. The crystallization
process was completed after heating the glass sample with a rate of 5 K/min up to 1093 K for 300h.
The material was cooled with a rate of 3 K/min down to 303 K. X-ray diffraction (XRD) measurements
of the crystalline sample confirmed the phase purity and revealed, oddly, the pattern of -spodumene.
Additional 1cP/MS measurements confirmed the nominal composition of LiAlSi;O;y and led to the
assumption that SiO, is present in an amorphous state. In other words, we are speaking of a mixture of
the crystalline aluminosilicate spodumene with amorphous quartz. XRD patterns were recorded under
air with a Bruker D8 Advance diffractometer using Bragg Brentano geometry and CuK,, radiation (10
to 100° 26, step size 0.02° 26, step time 1 s). Rietveld refinement was done with X-PertHighScorePlus
(PANalytical). Nanocrystalline LiAlSi; O, was prepared by high-energy ball milling (HEBM) using a
planetary ball mill (Fritsch Pulverisette 7 premium line) with ZrO, beakers in combination with 180
balls of the same material (5 mm in diameter). The ball-to-powder weight ratio was chosen to be
about 4:1. The glass was treated under the same conditions. In both cases, the total milling time was

6h and 24h, respectively. The time period does not include the cooling intervals in between.

crystalline LiAlSi,O,,

on
glassy Petalite
6h nanocrystalline LiAlSi,O,,
QU e T e . nanocrystall;lne LiAlSi40lj
20 30 40 50 60 70
20 /°

Figure 3.7 — XRD patterns of micro- and nanocrystalline LiAlSi;O;o. The coarse grained sample (micro)
was prepared by devitrification of the LiAlSi; O glass and subsequent extensive grinding of the material.
The nanocrystalline samples were prepared by high-energy ball milling of the microcrystalline source material.
In addition, the XRD pattern of the untreated LiAlSi ;O glass is shown (see text for further details).
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The mobility of small ions, cations and anions, in solids depends on numerous factors. It is well-known
that point defects and polyhedral connections play an important role in enabling local jump processes
and bulk ion transport. Besides defects, the morphology of the whole material will determine migration
of the charge carriers over long, i.e., macroscopic distances. A convenient and well-established technique
to introduce disorder into a sample is the treatment of the material in high-energy mills. Conveniently,
high-energy ball milling is carried out at ambient temperature and it allows the preparation of large
quantities. In many cases, if only one component is treated, phase pure nanocrystalline materials
are obtained with large volume fractions of amorphous regions or at least disordered interfaces. The
introduction of point defects and dislocations is, however, also expected for the crystalline cores of the
nanocrystallites (a schematic illustration for the investigated petalite is proved in figure 3.8). Many
examples have so far been reported documenting that the ionic conductivity of a poor conductor can
be significantly enhanced when transforming the oxides or sulfides into a defect-rich nanocrystalline
ceramics.[26, 78-81]

A *  HEBM for 6h
#* HEBM for 24h

A"r}a‘ﬂP‘ ‘

“ehnl

conductivity

crystalline  *

decrease of the particle size

Figure 3.8 — Schematic illustration on the effect of high energy ball milling (HEBM) on the conductivity of
the studied aluminosilicate LiAlSizO.

Here, the influence of structural disorder generated through ball milling, and thus nanostructuring,
on Li ion transport in both crystalline petalite LiAlSi;Oy and its glassy form was comprehensively
investigated by solid-state "Li NMR and impedance spectroscopy. Milling of polycrystalline samples
of petalite LiAlSi; O causes, as expected, the ionic conductivity and diffusivity to increase.[82, 83)
Before the results on spin-lattice relaxation NMR are presented, I would like to draw the reader’s
attention to the results from temperature-variable line shape measurements of both, glassy and
crystalline, LiAlSi,O;y samples.

NMR motional line narrowing (MN) gives first insights into how fast the ions are exchanged by
self-diffusion processes. Independent of the morphology, all samples undergo a pronounced motional
narrowing with increasing temperature T due to increasing Li motions, which are responsible for
averaging of homonuclear dipole-dipole ("Li-'Li) interactions.[81] When the jump rate 7y reaches
the order of the rigid lattice line width, notable diffusion controlled line narrowing can be expected.

Here, narrowing sets in for the glassy samples at approximately 300 K and for crystalline samples,
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the onset point is shifted slightly towards higher temperatures 340 K (see figure 3.9). The Li ion
jump rate rgNl can be roughly estimated from the inflection point, at approximately 300 K and 340 K,
respectively, of the MN curves according to TN_H& ~ 27 X v,;. For all samples, the Li jump rate was in
the order of ca. 2 —3 x 10" s 1. Quite interestingly, it seems that the morphology does not have a
huge impact on the lithium jump rate. NMR line narrowing seems to be less sensitive to the differences

that can be revealed by other NMR techniques and impedance spectroscopy.
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Figure 3.9 - "Li NMR line width (full width at halt-maximum, FWHM) as a function of temperature 7. On
the left side, the values starting from glassy petalite, and on the right side, samples starting from crystalline
material are presented. Explanation of symbols: unmilled samples are indicated by a filled square (H), 6h
milled samples by a filled circle () and 24h milled samples by a empty circle (o).

In contrast to NMR line narrowing experiments, conductivity and SLR NMR experiments are able to
reveal clear distinctions in Li diffusivity between both glassy and crystalline LiAlSi; Oy samples. In
figure 3.10a, the DC conductivities of micro- and nanocrystalline LiAlSi; O, are shown. High-energy
ball-milling of crystalline petalite leads to an increase of the ionic conductivity by almost two orders
of magnitude (330 K). Milling for 24h does not change the conductivity much further. Starting with
micro-LiAlSi Oqg, the activation energy decreases from 0.95 eV down to 0.81 eV. The 24h sample
is characterized by 0.85 eV revealing a slight increase in E,. The opposite trend, however, is found
when LiAlSi;Oq( glass is treated for several hours in a planetary mill. The Li ion conductivity of
the glassy forms decreases with increasing milling time. A quite similar, but opposite, trend in the
activation energy is observed if we start from the glass. Initially, the glass, whose ion conductivity
exceeds that of the microcrystalline form by 4 orders of magnitude (330 K), is characterized by 0.72
eV. While nanoglassy LiAlSi;O;q (6h) has to be characterized by E, = 0.79 €V, after milling the oxide
for 24h, the activation has further increased to 0.84 eV and the resulting o, values coincide with
those of nanocrystalline LiAlSi; Oy treated for the same period of time. The changes in long-range
ion transport of glassy LiAlSi;Oqq seen via conductivity spectroscopy can also be recognized in
rotating-frame "Li NMR spin-lattice relaxometry (figure 3.10b). Ry » NMR measurements on nanoglassy
samples have been carried out for the first time to confirm the changes in o, by NMR. As compared
to conductivity spectroscopy, NMR is a contactless method and no post-treatment of the samples to
prepare pellets with conducting electrodes is required. For a reliable description of the effect observed,
it is important to have a method, such as NMR, at hand that is insensitive to the porosity and density

of the pressed pellets investigated by impedance spectroscopy. Note that in figure 3.10, except for
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the glass, data of powder samples are shown. Originally, the diffusion-induced R;, rates of glassy
LiAlSi; Oy pass through a broad R;, (1/7) peak which seems to be composed of at least two separate
peaks. One of them is indicated by the small arrow in figure 3.10b; while this peak is located at 400
K, another one, the main peak, shows up at 440 K. As expected from conductivity measurements, the
beginning of the LT flank is shifted towards higher T reflecting a decrease in Li ion diffusivity upon
mechanical treatment. Correspondingly, the slope of nanoglassy LiAlSifOqq is steeper than that of
the glass sample.
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Figure 3.10 — a) Conductivities of glassy and microcrystalline LiAlSi;Oqq. As expected, the ion
conductivities of the glass (small plate) and the crystalline sample differ by several orders of magnitude.
Milling the two materials for 6h in a planetary mill changes the transport parameters significantly. Upon
milling, the conductivities head toward each other and the activation energies converge reaching ca. 0.8 eV. If
the milling time is increased to 24h, the conductivities finally coincide. Interestingly, E,, slightly increases
again (0.85 eV). b) "Li NMR SLR rates recorded in both the laboratory and rotating frame of reference (194
MHz, 20 kHz); the NMR response of the untreated glass and the crystallized material is compared to those
samples that were milled for 6h and 24h, respectively. The lines are to guide the eye. See text for further
explanation.

A similar behavior, but much more subtle, can be observed if we regard the R; rates of glassy
and nanoglassy LiAlSi;Oq. Keeping in mind that R; rates are sensitive to short-range ion motions,
the changes after mechanical treatment might be smaller than those for o,,. Whereas for the glass,
the transition from non-diffusive (nd) relaxation to diffusion-induced spin-lattice relaxation is almost
fluent, milling causes a separation of these regimes, see the dashed lines in 3.10b. The increase of
Ry in the nd-regime might be the result of an increased number density of paramagnetic impurities
introduced during milling. Alternatively, localized ion dynamics might have changed that originally
caused a shallow T-dependence of the NMR rates. If we simply regard the onset of the diffusion-induced
LT flank of the R; rate peak, a shift toward higher 7' is observable, which would be in agreement
with the results from both R;,- and op,c-measurements. In agreement with this trend, the associated
activation energy increases from 0.34 eV for the glass and 0.37 for the nanoglass (6h) to 0.49 €V for
nanoglassy LiAlSi; O, obtained after 24h of mechanical treatment. Note that the relatively low value
of 0.34 eV for the glass is, however, thought to be largely influenced by correlation effects that lead to
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lower expected E, values in this temperature regime. Thus, directly comparing the activation energies
from LT flanks is not as straight-forward as it looks like at first glance.

The R, rates in the diffusion-induced regime of the sample milled for 24h significantly exceed
those of the glass sample, see figure 3.10b. Interestingly, the opposite trend has been observed
for p-spodumene. While for the 6h sample this feature points to an increased coupling constant
in nanoglassy LiAlSi 4O4g, in the case of the sample milled for 24h, the steeper increase with 1/T
traitorously leads to the assumption that the corresponding peak will be passed through at lower T.
Hence, from a point of view that focusses on short-range motions, local ion dynamics in nanoglassy
LiAlSi;Oq¢ (24h), at least for some of the ions, seems to be enhanced. Obviously, the fast relaxing
ensemble of spins, which is responsible for the relatively steep increase of the rates above 400 K (see
3.10b), is not able to significantly compensate for the decrease found in oy as we finally obtain
opc(nanocrystalline) &~ o (nanoglassy). Most likely, also for nanoglassy samples, a heterogeneous
structure consisting of bulk and interfacial regions is formed. For LiAlSi O, these interfacial regions,
characterized by a higher degree of free volume, might act as hosts for some fast relaxing spins. The
higher E, (0.49 €V), as compared to that the glass sample (0.34 €V), indicates (local) Li motions less
influenced by correlation effects rather than a higher mean hopping barrier. Obviously, these regions
do not form a through-going network to enable the ions to move over long distances as quickly as in

the original glassy state obtained by quenching.
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Figure 3.11 — a) Overview of conductivities of a series of aluminosilicates as a function of Al/Si ratio. Here
the conductivity at 473.15 K of eucryptite (LiAlSiO,), spodumene (LiAlSi;Og) and petalite (LiAlSi;Oqq) is
presented.[83-86] b) Here, the ball milling effect for all three aluminosilicate minerals (eucryptite, spodumene
and petalite) is compared to each other. The greater the value of the ball milling effect, the greater the
impact of the mechanical treatment on diffusivity will be.

As a last remark, by comparing the effect seen in oy for LiAlSiO, (eucryptite), LiAlSiyOg
(spodumene) and LiAlSi;Oy(, we notice that the ratio o, = op(glassy) : op(nanoglassy) clearly
increases with decreasing Al:Si ratio: 0., (LiAISiOy) < 0., (LiAlSi;Og) < 0y, (LiAISi;Oqp). While
for LiAlSiO,4 and LiAlSisOg the 1/, response points to the same direction as was observed through
conductivity measurements, for LiAISi; O, characterized by the lowest Al content and the largest

04.n Tatio, the Ry rates reveal an exception.
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3.4 A novel electrolyte concept for high-temperature Li ion

batteries

3.4.1 "lonic liquids-in-salt"-concept

For more detailed information on the diffusion parameters of the material the reader is referred to the
hereafter publication. In addition to the results published, LiT self-diffusion in pure LiTFSI and in
the mixture of an ionic liquid with a lithium salt Li, EMIM(;_,)TFsI with x = 0.9, was investigated
by recording "Li NMR R, rates as a function of temperature. The magnetization transients of the
mixture show a two-component behavior, which can be approximated by a double exponential fitting
function yielding two characteristic time constants for two distinct spin reservoirs. A diffusion-induced

rate maximum could not be probed within the experimental temperature range (180 K to 400 K).
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Figure 3.12 — Arrhenius plot of "Li NMR R rates of pure LiTFsI (gray dots) and Liy gEMIMg 1 TFSI (red and
blue dots). The data was measured at wo/2x = 194.3 MHz. Two different rates were deduced from the
corresponding relaxation transients of the sample material revealing two distinct spin reservoirs. The blue
dots are assigned to fast Li ions located in the "ionic liquid-in-salt" phase, whereas the red dots show the rates
of slow ions from the pure Li salt LiTFsI.

Pure LiTFsI is characterized by a solid-solid transition at 425 K. This known solid-state phase
transformation of LiTFSI can be well recognized by a "jump" in low-temperature regime of the Ry
NMR rate peak. This jump occurs at approximately 440 K (see rates for pure LiTFsI marked by gray
dots in figure 3.12). Upon heating to 513 K, the mixture of the ionic liquid with the salt clearly
reveals several double phase regions; as published, these double phase regions can be monitored by
a change of the quadruple powder pattern of the "Li NMR spectra of LiTFsI. The central line is
composed of two components (see inset of Fig. 2b in the article). Whereas the broad line coincides
with that of pure LiTFsI, the (motionally narrowed) NMR line on top can be attributed to Li ions
being much more mobile than those in the ITa LiTFsI phase (see blue dots in figure 3.12). These
two distinct spin reservoirs can be monitored by temperature-variable i spin-lattice relaxation
(SLR) NMR. The presence of highly mobile ions at ambient temperature can also be confirmed by
R, rates recorded under static nonrotating conditions. If recorded up to delay times of 1000s, the
pronounced bi-exponential "Li SLR NMR transients directly reveal a subset of highly mobile Li ions,
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partly identified as [Li(TFSI)g], which can be well discriminated from the response of pure LiTFSI
(see figure 3.12). A quite low activation energy E, of 0.073 ¢V was determined for the fast diffusion

process. This sub-ensemble is regarded to be responsible for the enhancement in ion conductivity.
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A novel electrolyte concept for lithium-ion batteries, termed “ionic liquid-in-salt”, is introduced. Our
feasibility study on (1 — x)EMIMTFSI:(x)LITFSI, 0.66 < x < 0.97, showed that at elevated temperatures
the various dual liquid and solid phase regions are characterized by a wide thermal stability window,

high ionic conductivities and appreciable mechanical integrity. The highest conductivity values are
obtained for the compositions x = 0.70 and x = 0.75 (6 &~ 6 x 107> S cm™) and are related to the final
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melting of the materials. Overall, high conductivities are observed for 0.70 < x < 0.90 while low ones
are found for x > 0.90. Raman and NMR spectroscopies reveal the presence of highly mobile
Li-containing species, partly identified as [Li(TFSI),]~, albeit rather unexpected for these high x values,

which might explain the high ionic conductivities observed. To prove the general value of our concept
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1 Introduction

The last two decades have been the time of the omnipresent
commercialization of rechargeable lithium-ion batteries. However,
today’s lithium-ion battery technology is a compromise between
high performance and safety, with serious safety issues originating
from electrolytes based on the metastable LiPF, salt that demands
stabilizing additives, and organic solvents, which are prone both to
decompose and to inflame." Especially for larger batteries, aimed
at application in electric or hybrid electric vehicles as well as for
load-levelling, intrinsically safer batteries, preferably based on
thermally and electrochemically stable electrolytes with high ionic
conductivities, Ze., excellent ion transport properties, are urgently
needed. One possibility to improve existing lithium-ion batteries is
to develop electrolytes based on ionic liquids (ILs).>* There are
many groups developing and testing electrolytes based on ILs
doped with lithium salts, LiX, with X being any anion. Most
common are binary systems, IL;_-LiX,, but ternary systems have
also been thoroughly studied.*® The focus has so far been on
systems with low or medium LiX concentrations, 0.01 < x < 0.5,
(“LiX-in-IL”), but a few papers report on systems with x > 0.5, up
to 0.7 or even 0.8, systems for which we here coin the term “ionic
liquid-in-salt” or specifically “IL-in-LiX”.”® Another possible

“ Department of Applied Physics, Chalmers University of Technology, SE-41296,
Goteborg, Sweden. E-mail: m_marczewski@ch.pw.edu.pl,
patrik.johansson@chalmers.se

b Christian Doppler Laboratory for Lithium Batteries, Institute of Chemistry and
Technology of Materials, Graz University of Technology, 8010 Graz, Austria

¢ ALISTORE-ERI European Research Institute, 33 rue Saint Leu, 80039 Amiens,
France

This journal is © the Owner Societies 2014

in more detail, some first results on BMIMTFSI and PY13TFSI based systems are also presented.

answer to the challenge of battery safety is to use electrolytes
intrinsically designed for use at elevated or even at very high
temperatures. These are often based on solid polymer electrolytes
or molten salts”™" but here the potential of IL based electrolytes
has also been recognized."

Here, we combine the two notions by presenting high
temperature studies (up to 180 °C) on “ionic liquid-in-salt”
systems with large amounts of lithium salt (x > 0.66) being in
analogy with the “polymer-in-salt” and the very recent “‘solvent-
in-salt” concepts."*'* Until now, systems with x > 0.66 have
not attracted any interest due to their very low ionic conductivi-
ties, low Li transference numbers at room and moderate
temperatures as well as because of the poor reproducibility of
the results obtained. This might change when they are used at
elevated or high temperatures (ca. 90 °C to 120 °C). “IL-in-salts”
may become promising as intrinsically safe, thermally and
electrochemically stable electrolytes with both high ionic
conductivities and appreciable mechanical properties.

For this proof-of-concept study of “IL-in-LiX”’ systems it is
important to use a simple but also relevant model system. The IL
should be characterized by high thermal stability, high ionic
conductivity, and it should possess the same anion as the
lithium salt. The lithium salt should be thermally stable as well.
Furthermore, it should be able to form homogenous melts or
solutions in organic solvents being compatible with the IL and
the preparation method chosen. To enable a more complete
study, knowledge about the entire possible phase behaviour of
the IL and LiX is of importance; hence, a previously well-studied
“LiX-in-IL” system should preferably be selected. The reason
for the latter is that local heterogeneities may occur, due to

Phys. Chem. Chem. Phys., 2014, 16, 12341-12349 | 12341
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preparation, cooling, and storage conditions, or even during
employment inside an electrochemical cell. Thus, any phase
which can potentially be formed is relevant, not only those being
thermodynamically stable. Furthermore, to make the system
more predictable, as few phases as possible within the tempera-
ture range, defined by the working temperature (ca. 90 °C) and
room-temperature storage conditions (ca. 20 °C), are preferred.

With the above considerations applied, the IL and LiX
pair selected is 1-ethyl-3-methyl-imidazolium bis(trifluoromethane-
sulfonyl)imide (EMIMTFSI) and the corresponding LiTFSI lithium
salt. These together create the model system (1 — x)EMIMTFSL(x)-
LiTFSI, or shorter Li,EMIM(;_oTFSL Crystalline phases form for
x < 0.25 (solid EMIMTEFSI) and for the composition with x = 0.67
(1:2 EMIMTFSI/LiTFSI crystal) whereas between 0.25 < x < 0.55
this system is fully amorphous at room-temperature.*'>'® For other
x variations and temperatures, however, the system exists in different
double phase regions - each with its own characteristics of, for
example, ionic conductivity and other properties relevant for prac-
tical battery electrolyte usage, such as mechanical strength and Al
corrosion propensity.

To strengthen the fundamental understanding of this new
concept, giving promise to further rational improvement, we
also aim to arrive at a congruent picture of the structure-
property relationship of these new electrolytes. This is done
by connecting the macroscopic property performance observa-
tions with the molecular level origin in terms of local ion
coordination, charge carrier concentration, anion conforma-
tion, mobility and diffusivity etc. For the latter there is indeed a
wide bibliography of both calculated and measured NMR, IR
and Raman spectra for EMIMTFSI and LiTFSI individually and
for the “LiX-in-IL” systems.'”>® Furthermore, to show the
generality of the concept proposed, the Li,BMIM; _,TFSI and
Li,PY13(1-xTFSI systems are also presented.

2 Experimental section
Materials

1-Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
EMIMTFSI (purity 99.9%), 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide, BMIMTFSI (purity 99.9%)
and  N-propyl-N-methylpyrrolidinium  bis(trifluoromethane-
sulfonyl)imide, PY3TFSI (purity 99.9%) were all purchased
from Solvionic and used as received. In all cases the water
amount was <30 ppm as determined by Karl Fischer titration.
Lithium bis(trifluoromethanesulfonyl)imide, LiTFSI (purity
99.95%), was purchased from Sigma Aldrich and dried under
vacuum for 72 h at 80 °C before use. All materials were stored in
an argon filled glove box (H,O < 1 ppm, O, < 1 ppm).

Sample preparation

The samples were prepared in an argon filled glove-box, i.e.,
under inert conditions. Materials were prepared by direct
mixing of weighted appropriate quantities in glass tubes placed
in an oven, heated to 250 °C and held at this temperature for
1 hour. After cooling to room temperature a spatula was used to

12342 | Phys. Chem. Chem. Phys., 2014, 16, 12341-12349
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homogenize the samples, thereafter the procedure was repeated
but with a shorter heating time (30 min). This way, (i) a set
of eight (1 — x)EMIMTFSL(x)LiTFSI mixtures with x = 0.66,
0.70, 0.75, 0.80, 0.85, 0.90, 0.93, and 0.97, (ii) a set of three
(1 — x)BMIMTFSI:(x)LiTFSI mixtures, x = 0.70, 0.80, and 0.90,
and (iii) a set of five (1 — x)PY;3TFSIL:(x)LiTFSI mixtures, x = 0.75,
0.80, 0.85, 0.90, and 0.96, were prepared.

Differential scanning calorimetry

Thermal data were obtained by measuring about 10 mg of the
sample placed in aluminum hermetic pans using a TA Instru-
ment Q1000 Differential Scanning Calorimeter (DSC). The DSC
scans were performed as follows. After equilibration at 40 °C
the samples were cooled down to —150 °C using a cooling rate
of 5 °C min~"'. Subsequently, the samples were equilibrated at
—150 °C for three minutes and thereafter heated to 250 °C at a
heating rate of 5 °C min~'. After 3 minutes of equilibration
at 250 °C, the samples were cooled down to —150 °C using
a cooling rate of 5 °C min~' and equilibrated for at least
3 minutes. Finally, samples were heated from —150 °C to
250 °C at a rate of 5 °C min~". (1 — x)EMIMTFSL(x)LiTFSI
samples with x = 0.66, 0.70 and 0.75 were heated up to 160 °C
and 200 °C respectively. For the (1 — x)BMIMTFSI:(x)LiTFSI
samples only the first heating cycle was performed. Reported
melting temperatures are peak temperatures.

Ionic conductivity measurements

The temperature dependence of the ionic conductivity was
measured by dielectric spectroscopy using a Novocontrol
broadband dielectric spectrometer at frequencies ranging from
107" to 10’ Hz. The sample (about 0.3 g) was placed between
two stainless steel electrodes with a Teflon spacer (13.2 mm in
diameter and 0.99 mm in thickness) and loaded into a cryo-
furnace with nitrogen flow. The cell, “Liquid parallel plate cell
BDS 1308” - Novocontrol, was assembled in an argon atmo-
sphere. Data were collected during heating from 20 °C to 180 °C
with a temperature step of 10 °C and a stabilization time of
30 min at each temperature. The DC conductivity was deduced
from the low frequency plateau of the conductivity isotherms
obtained by plotting the real part of the complex conductivity as
a function of frequency.

Raman spectroscopy

FT-Raman spectra were recorded on a Bruker MultiRAM Stand-
Alone FT-Raman Spectrometer using a Nd-YAG laser (1064 nm).
Typically, the recording time for a single spectrum was 3 to 4 h.
The laser power was in the range of 100 to 350 mW for all
samples. Raman spectra were measured over the frequency
range 0 to 3600 cm ™ '. The spectra were normalized by integra-
ting the intensity of the most intense Raman band between 720
and 780 cm . For measurements at 90 °C and 165 °C, the
samples were placed on a glass plate in a hermetically sealed
Linkam FTIR600 temperature controlled stage filled with dry
argon gas. Before the measurements, each sample was held at
90 °C (or 165 °C) for 40 min.

This journal is © the Owner Societies 2014
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’Li NMR measurements

7Li NMR measurements were performed using a high-
performance Bruker Avance III 500 MHz spectrometer which
is permanently connected to a shimmed 11.7 T cryomagnet with
a nominal “Li resonance frequency of 194.3 MHz. A commercial
broadband probe (Bruker Biospin) was employed to measure
temperature-variable “Li NMR line shapes under static, i.e., non-
rotating conditions. 'Li NMR lines were acquired by applying a
saturation recovery pulse sequence (10 X m/2 — tg — w2 -
acquisition). The initial pulse train, consisting of ten n/2 pulses,
was used to destroy any longitudinal magnetization M,. Imme-
diately after, M, recovers according to spin-lattice relaxation
determined by the rate 1/T;. After a sufficiently long waiting
period t4, M, was flipped with a 7/2 pulse. In the rotating frame
of reference, M, decays due to spin-spin relaxation. Fourier
transformation of the resulting free induction decay produces
the spectra shown. Typically, the n/2 pulse lengths ranged
between 2.60 and 3.20 ps, ie., the Li spins have been non-
selectively excited. The WSolids software was used to estimate
NMR coupling constants and asymmetry parameters.>*

3 Results and discussion
Thermal behaviour

First, the thermal behaviour of all compositions was studied and
overall found to be in very good agreement with previous
reports.””® Pure LiTFSI is characterized by a solid-solid transi-
tion at 152 °C and a melting temperature at approximately
234 °C (Fig. 1). Whereas the crystal structure of the low-
temperature solid phase (IIa) has been previously well

described,? that of the high temperature solid phase (Ia) is still
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not characterized. In Fig. 2a the corresponding temperature
variable solid-state “Li NMR spectra are shown. The spectrum
of the low temperature phase Ila is composed of a central line
with a width (full width at half maximum) of approximately
3.6 kHz. Next to the central transition satellite intensities show
up which are due to the interaction of the quadrupole moment
of the ’Li spin with an electric field gradient (EFG) at its site.”®
Note that “Li is a spin-3/2 quadrupole nucleus, i.e., in addition to
the interaction with the external magnetic field, the Zeeman
levels are altered by electric quadrupolar interactions. In general,
a non-vanishing EFG is produced by the electric charge distribu-
tion in the direct neighborhood of the “Li nucleus.”®*” In LiTFSI
the Li ions occupy a single crystallographic site. The NMR
quadrupole powder pattern observed points to an EFG charac-
terized by a quadrupole coupling constant C, of approximately
50 kHz as estimated from the outer singularities whose position
remains largely unaffected by the other NMR parameters influ-
encing the overall spectrum. From the inner singularities in
combination with a preliminary simulation we estimate the
corresponding asymmetry parameter n of the EFG to be approxi-
mately 0.3. Note that the individual positions (and relative
intensities) of all singularities (see the inset of Fig. 2a) with
respect to the central line can be explained by taking into
account a slight chemical anisotropy in combination with a
proper choice of the corresponding Euler angles. The latter
characterize the chemical shift tensor when going from the
crystal frame to the principal axis system.

With increasing temperature C, being characteristic for
the EFG in the Ila phase of LiTFSI slightly increases which is
most likely due to extremely small changes in the lattice
parameters of this phase. The overall features of the NMR
spectrum, however, remain untouched. At temperatures above
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Fig. 1 DSC heating traces for the Li,EMIMy_4TFSI (0.66 < x < 1) system; data collected during the first heating cycle (a), data collected during the

second heating cycle (b).
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Fig. 2 Solid-state “Li NMR spectra (194.3 MHz) of pure crystalline LiTFSI recorded at the temperatures indicated, the inset shows a magnification of the
quadrupole powder pattern of the spectrum recorded at 333 K (phase la). (a) The corresponding “Li NMR spectrum of Li,EMIM_,TFSI with x = 0.9; for
comparison the quadrupole satellite intensities of the samples with x = 1 (pure LiTFSI) and x = 0.6 LiTFSI are also shown. (b) The inset illustrates the shape
of the central NMR line of Lig gEMIMg 1 TFSI being composed of two components reflecting fast and slow Li ions. The central line drawn with a dashed line

represents that of pure LiTFSI. See the text for further explanation.

the solid-solid phase transition, a major change occurs and Cq
of the newly formed Ia phase is reduced by more than a factor
of 2 compared to its initial value in the IIa phase. This perfectly
agrees with the DSC based observations.

For the as prepared mixed samples, doping of LiTFSI with
EMIMTFSI (0.66 < x < 1) results in the formation of up to three
dual phase regions before the samples finally melt (Fig. 1a).

Starting from low temperatures up to the phase transition at
ca. 76 °C, a new double phase region is observed for x > 0.66,
which can be attributed to crystalline 1/2 EMIMTFSI/LIiTFSI (Ib)
and solid LiTFSI (Ila). "Li NMR (Fig. 2b) reveals that the spectrum
of a sample with x = 0.9 mainly resembles that of pure LiTFSI
(I1a), particularly when the well-resolved quadrupole powder
pattern is regarded. In contrast to pure LiTFSI, however, the
central line is composed of two components (see inset of Fig. 2b).
Whereas the broad one coincides with that of pure LiTFSI, the
(motionally narrowed) NMR line on top can be attributed to Li
ions being much more mobile than those in the IIa LiTFSI phase.
In general, averaging of dipole-dipole interactions because of
rapid diffusive motions of the Li spins causes narrowing of the
dipolarly broadened ’Li NMR lines. Significant narrowing is
expected when the mean Li jump rate becomes larger than the
spectral width of the NMR line at low temperatures. The latter is
often called the rigid lattice line width. In the present case, the
motionally narrowed NMR components point to exchange rates
of the order of 10° s~! at ambient temperature. Most importantly,
the highly mobile ions do already show up at room temperature.

12344 | Phys. Chem. Chem. Phys., 2014, 16, 12341-12349

They can be related to those forming the Ib phase with mixed
cations. Since the overall conductivity is relatively low at ambient
temperature (see below), the mobile ions might be involved in
jump processes restricted to shorter length scales. Increasing the
amount of EMIMTFSI further results in a quadrupole powder
pattern being smeared out, indicating an increased structural
disorder resulting in a broad distribution of EFGs (Fig. 2).
Samples with x > 0.7 also show high ionic conductivities at
room temperature (Fig. 5 and below).

In the literature the melting of the Ib phase was reported to
occur at approximately 82 °C.® For x < 0.70 a small amount of
an amorphous phase is also observed (with T, ~ —69 °C).
Between 76 °C and 151 °C another double phase region,
obtained from melting of the 1/2 EMIMTFSI/LiTFSI phase is
present which consists of liquid (0.33-0.25)EMIMTFSI:(0.67-
0.75)LiTFSI (L) together with solid LiTFSI (IIa). The melting
temperatures of samples with 0.70 < x < 0.75 range from
137 °C to 151 °C. A high temperature liquid-solid double phase
region is observed only for x > 0.75 and exists at temperatures
between 151 °C and the final melting point. The melting
point depends on overall composition x and ranges from ca.
153 °C up to 230 °C. The phase consists of liquid (0.25-
0.03)EMIMTFSI:(0.75-0.97)LiTFSI (L) together with solid LiTFSI
(Ia). Temperature variable "Li NMR spectra excellently agree
with the structural changes outlined (Fig. 3). At low tempera-
tures the quadrupole powder pattern stems from LiTFSI; with
rising temperature the pattern changes and we observe the

This journal is © the Owner Societies 2014
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Fig. 3 Change in the solid-state ’Li NMR spectra (194.3 MHz) of Li,EMIMq_,TFSI with x = 0.9 with increasing temperature; (a) the lower part of the
spectra magnifying the quadrupole powder pattern, (b) full spectra revealing the two-component NMR central transition. The area fractions of the two
NMR lines (see also the inset of Fig. 2b) are plotted in Fig. 4 as a function of temperature.

solid-solid ITa-Ia phase transition. Interestingly, melting of the
Ib phase seems to partly affect the pattern of the Ila phase of
LiTFSI as can be seen when the spectrum recorded at 80 °C (and
160 °C) is considered. At 200 °C the formation of the Ia phase has
been completed. The spectrum recorded at 240 °C still has non-
vanishing satellite intensities present, a signature of the crystal-
line LiTFSI phase (Ia). In Fig. 3b the complete NMR spectra are
shown focusing on the central lines. With increasing T the
number fraction of mobile Li ions, directly reflected by the area
fraction of the narrowed NMR line, increases from 20 to 30%
(see Fig. 4), in perfect agreement with the results mentioned
above. This increase is directly in line with the increase of the
overall conductivity of the sample with x = 0.9 taking place
between 30 and 70 °C which is below the melting point of the Ib
phase (c¢f. Fig. 4 and 5). The correlation with the ionic conduc-
tivity indicates that the mobile ions seen by NMR increasingly
start to participate in long-range ion transport also.

For the Li,BMIM(;_4TFSI mixtures, in contrast to the
EMIMTFSI based systems, the only equilibrium was between a
liquid condensed phase of LiyBMIM(;_TFSI, being charac-
terized by a high viscosity, and undissolved LiTFSI. Only the
phase transitions of LiTFSI were detected (from Ila to Ia and
melting of Ia). Even when the samples were stored for four weeks
before any measurements had been carried out it was impossible
to obtain any crystalline phase corresponding to 1/2 EMIMTFSI/
LiTFSI (Ib). The data obtained for Li,PY;3(;_TFSI are in very
good agreement with those reported in the literature.”
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Fig. 4 Area fractions of the two dynamically distinct spin-reservoirs of
Li EMIM(;_ TFSI with x = 0.9.

As the thermal behaviour of the materials dramatically
depends on the thermal history as well as the composition,
the 2nd DSC heating cycle gives a wealth of information. For
x > 0.80 all the phase transitions; Ib to L, Ila to Ia, and the
melting of Ia are all reproducible. In addition, the crystal-
lization during cooling is consistent with the 2nd heating cycle
(Fig. 1b). Small heterogeneities of LiTFSI may here act as
nucleation centres to facilitate crystallization. For x < 0.80,
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the 2nd cycle only records fully amorphous systems, character-
ized by increasing glass transition temperatures as a function of
overall composition x (—32 °C, —25 °C, and —19 °C for x = 0.66,
0.70, and 0.75, respectively). In stark contrast, for x = 0.80 thermal
metastability is observed and different amounts of amorphous
material have been formed characterized by a T, of —2 °C. Apart
from causing the difference observed in e.g. the Ib to L transition
temperature, it could also possibly provide different Li ion
conductivities. The largest differences for the 2nd heating cycle
were observed for the Li,PY;3;,_xTFSI system for which it was
impossible to obtain reproducible results (not shown).

An important distinction to be made is that while the basic
thermal behaviour as outlined above is fundamentally promising,
the application of long-term high temperature electrochemical
cycling using composite electrodes can be highly problematic,
which is not investigated here. However, the next section points
to the stability of the electrolytes during the high temperature
conductivity measurements (with stabilization times of 30 min at
each point) and all the materials are also stable during the
synthesis procedure with mixing at 250 °C for 1 h.

Ionic conductivity

Moving to a property of crucial importance for an electrolyte,
viz. ionic conductivity, we observe for all compositions that
ion dynamics are strongly correlated with the thermal beha-
viour of the samples. Previously, this has also been reported for
pyrrolidinium (PY) based ILs doped with LiTFSL.”**?® The three
regimes being associated with the double phase regions Ib/IIa,
L/IIa, and L/Ia, as seen in the DSC data, can also be straight-
forwardly recognized in the temperature dependent conductivity
data (see Fig. 5 and 6).

The region corresponding to the existence of the dual phase
Ib/IIa (20 °C to 70 °C) is characterized by very low conductivities

12346 | Phys. Chem. Chem. Phys., 2014, 16, 12341-12349

(6 ® 107" S em™") which is due to the presence of both
crystalline 1:2 EMIMTFSI/LITFSI and crystalline LiTFSI. The
only exception is the sample with x = 0.70 (¢ ~ 10°° S em™");
very likely, this is due to the presence of some amorphous
material. The fact that the “Li NMR measurements reveal a sharp
NMR line even at temperatures as low as room temperature is
not in contradiction with the observation of low conductivities:
in contrast to DC conductivity which probes long-range motions
of the charge carriers, NMR is sensitive to dynamics on much
shorter length scales.

Except for the sample with x = 0.7, between 70 °C and 80 “C a
rapid increase in conductivity, viz. some orders of magnitudes,
is observed, which is caused by the melting of the Ib phase.
Since this process seem to also affect the ’Li NMR quadrupole
powder pattern of the LiTIFSI IIa phase (see Fig. 3a), this phase
has potential to also somehow participate in enabling long-
range ion transport.

Between 80 °C and 140 °C, that is the L/IIa region, charge carrier
transport is characterized by relatively high and stable conductivi-
ties with values ranging from 107 to 10> S ecm ™' and with a
maximum in conduetivity for x = 0.70 (¢ ~ 3 x 10> S em ™).
Only slightly lower conductivities are observed in the composi-
tional range 0.75 < x < 0.90 (¢ ~ 10~* S em™"). Samples with
x > 0.90, however, reveal a sudden drop in conductivity. In
the last, the third conductivity region, corresponding to L/Ia
(T > 140 °C), the conductivity increases more rapidly with
temperature. Once again, this might indicate that the LiTFSI
phase takes part in facilitating ion transport over long distances.
Despite the fact that the IIa-Ia phase transition is also detectable
for pure LiTFSI in the conductivity measurements, the conduc-
tivity of pure LiTFSI is many orders of magnitude lower for
the whole T range covered; it increases from 107'* S em™* at
80 °C to 10~® S cm™" at 180 °C. The highest conductivity values
are obtained for samples with x = 0.70 and x = 0.75 (¢ = 3 x
107% S em ') and are related to the final melting of the crystal-
line LiTFSLEMIMTFSI phase Ib which occurs at 138 °C and
151 °C, respectively. Overall, high conductivities are observed for

This journal is © the Owner Societies 2014
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0.70 < x < 0.90 and lower conductivities for mixtures with
overall compositions of x > 0.90.

Most likely, the results from the conductivity measurements
and the thermal studies also correlate with the metastability of
the different phases (see Fig. 7). Indeed, upon cooling, the Ia to
IIa transition is well reproduced, with similar conductivity values
as during heating. Similarly, also for the Ib to L transition there
is no difference in the slope of the conductivity curves. The latter
is in contradiction to the DSC data but can be explained by the
tendency to create super-cooled liquid phases (even for x > 0.80)
and by the fact that the crystallization process is controlled by
slow kinetics. Especially the different sizes and shapes of the
samples for DSC (few mg, bulk) and conductivity (ca. 0.3 g, film)
measurements should be taken into account.

A comparison of the temperature dependent ionic conduc-
tivity of Li,EMIM(; _TFSI, Li,BMIM(; _yTFSI and Li,PY; 5 TFSI
for the different systems studied (Fig. 8) shows that between
20 °C and 70 °C the highest conductivities are obtained for the
BMIMTEFSI based samples. This can be explained by the presence
of a liquid LiyBMIM(;_.TFSI phase rather than a solid-solid
dual phase region being characteristic of both the LiE-
MIM(;_TFSI and the Li,PY;3;,_»TFSI systems. The situation
changes above 80 °C due to the melting of the Ib phase in the
Li,EMIM(;_,TFSI system leading to the highest conductivity
observed. For x = 0.90 the difference in ionic conductivity
between the EMIMTFSI-based system and both the BMIMTFSI
and the PY,;TFSI-based systems is about one order of magnitude
above that at 80 °C. While the solvent-in-salt electrolytes can
exhibit Li* transference numbers as high as 0.73,'* important for
the inhibition of lithium dendrite growth, we have not deter-
mined these in this proof-of-concept study — but rely on the
robustness of the materials. Further studies should of course
properly address this property also. Moving to mechanical
properties, the materials are powders at room temperature and
easily handled as pellets, but depending on x may turn liquid at
the working temperatures aimed at. If the materials will work in a

This journal is © the Owner Societies 2014
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practical cell with respect to issues like electrode wettability is yet
an open question calling for experimental evidence.

Adding to practical requirements, an EMIMTFSI-based elec-
trolyte was previously shown to suppress Al current collector
corrosion.?® This was supported more recently when PY;,TFSI
based electrolytes were also tested up to 60 °C; it was shown that
even small amounts of ILs can suppress this phenomenon.*” In
addition, some very recent studies have revealed that by using
electrolytes with (very) high concentrations of LiTFSI, even in
organic solvents, the normally highly prevalent Al corrosion by
TFSI can be hindered."*?"*> However, in contrast a very recent
study showed that the electrochemical stability of PY;,-based
electrolytes can be severely reduced at elevated temperatures
such as 60 °C, even if TFSI-based ILs performed much better
than the corresponding FSI-based ones.*

Raman spectroscopy studies

Finally, the macroscopic data for the Li,EMIM(;_,TFSI system
above are correlated with molecular level Raman spectroscopy
data across all compositions and a wide range of temperatures.
Raman spectra were collected at 23 °C, 90 °C and 165 °C to
investigate the Ib, Ila, Ia, and L phases, respectively. The 735-
760 cm~ ! region of the Raman spectra was chosen in order to
obtain information about the anion coordination and thus the
nature of the charge carrying species.'®™*

The pure Ib phase (x = 0.66) is useful as a starting point as
the TFSI anion coordination is known'* and, thus, can serve as
an internal reference. Here, the TFSI anion exists in three
different combinations of conformation and coordination
environment; in two cases in C; conformation and either
coordinated by three lithium cations by four oxygen atoms or
by two lithium cations by three oxygen atoms, and for the
remaining case in C, conformation and coordinated by two
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lithium cations by three oxygen atoms.'” Likewise a known

structure, in the Ila phase (pure LiTFSI) all TFSI anions are in
C, conformation and surrounded by four lithium cations each.>®
In general, at room temperature, two bands at ca. 747 cm ™" and
ca. 750.5 cm™ ' are observed for the Li,EMIM(; _TFSI systems
(Fig. 9a). The first band can be correlated with the observations
for the Ila phase, while the second corresponds to the Ib phase.
This is further supported by the observation of an increasing x
to continuously decrease the 750.5 cm™" band and increase the
747 cm ™" band, until only the latter band remains. The Raman
spectra collected at 90 °C (Fig. 9b), corresponding to the Ila/L
phases, have wider and down-shifted bands as compared to the
spectra collected at 23 °C. For the x = 0.70 composition a broad
band at 748 cm™' suggests at least two components; with
increasing x the band maximum is shifted to 746 cm™", but
with a higher wavenumbers broadening. Adding an analysis of
the 260-360 cm ™" spectral range (Fig. 10) shows that, besides the
bands characteristic of Ila (276 cm ™', 315 cm ™, 330 cm ™" and
346 cm ") a group of signals being characteristic for [Li(TFSI),]~
complexes appears upon melting of Ib (282 cm™ %, 313 cm ?,
326 cm™ !, and a shoulder at 338 cm™!).>>** When the tempera-
ture is increased further (i.e., up to 165 °C), hence above the Ila
to Ia solid-solid phase transition, we observe a wide band
located at approximately 749 cm™' for all compositions
(Fig. 9c). For x = 0.70 the maximum of this band is shifted
towards lower wavenumbers by ca. 0.8 cm ™. Here, an analysis of
the 260-360 cm™" spectral range shows no significant changes
for the spectra with x = 0.70 (Fig. 10c) versus data collected at
90 °C. The largest change occurs for the LiTFSI sample, where
the IIa to Ia solid-solid phase transition takes place at 152 °C
(Fig. 10c). The Ia phase is characterized by the following bands;
278 cm ™ * with a shoulder at 284 em™*, 298 cm ™%, 315 cm™* and
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Fig. 10 Raman spectra of the Li,EMIM;_,TFSI (0.66 < x < 1) system;
collected at 23 °C (a), 90 °C (b) and 165 °C (c).

335 cm™ . This suggests a change in the conformation state of
the TFSI anion in LiTFSI which simultaneously influences the
EFG at the site of the “Li nucleus, see above.

Considering also literature studies,'”>* this indicates that the
TFSI anion, compared with the pure Ila phase of LiTFSI
(746 em™ ") and with the existence in higher agglomerates or
polymeric chains (¢f the molten Ib phase, 749 ecm™ %), is also
found in [Li(TFSI),] triplets (746-749 cm ™). The changed TFSI
local coordination and charge carrier nature are clearly seen for
x = 0.70 with a large change in band area ratios upon heating.
Indeed, the presence of highly mobile [Li(TFSI),] can explain the
high ionic conductivities observed, albeit rather unexpected for
these high x values. As these complexes are largely responsible for
the lithium transport in “LiX-in-IL” systems*?* the Li" cation
transport properties can also be arguably similar.

4 Conclusions

To conclude, a conceptually new class of electrolyte materials
for high temperature lithium batteries has been studied. The

This journal is © the Owner Societies 2014
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ionic liquid-in-salt samples studied show promising high ionic
conductivities as well as appreciable mechanical strength.
Fundamentally, the materials are truly multi-phase and easily
super-cooled; they seem to benefit from charge carriers being of
the same type as found in classic IL-based electrolytes.
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Conclusion and Outlook

In the course of this dissertation, different materials have been investigated comprehensively by various
solid-state NMR techniques and impedance spectroscopy. The combination of the two types of methods
allows to probe ionic motion from both a microscopic and macroscopic point of view. The main focus
of this work was the fundamental study of Li ion diffusivity (diffusion mechanisms and dynamical
parameters) in various materials. The investigated materials in this work can be categorized as (%)
study of lithium ion diffusion in low-dimensional materials (LizBiSy and 2H-Li,NbS,), (#) study of
lithium ion diffusion in three-dimensional garnet-type Li oxides (LLZTO and LLZBO), (%) study of the
influence of mechanical treatment on lithium diffusivity in the alumosilicate mineral petalite and (iv)
study of lithium diffusion of a novel electrolyte concept "ionic liquids-in-salt" for high-temperature
lithium batteries.

Li3BiS;. Li3BiS; crystalizes with a channel-like structure and the Li ions, thus, have access to a
spatially rather restricted diffusion pathway. Li MAS NMR spectroscopy was successfully employed to
reveal the two distinct lithium positions present in the crystal structure of the mixed conductor Li3BiSg.
In addition to the structural characterization, motional processes occurring on long-range as well as
short-range scales were probed through "Li NMR relaxometry. Bismuth and lithium nuclei share the
same crystallographic site — bismuth atoms are blocking the diffusion pathway of lithium. Topological
analyses and "Li NMR relaxometry suggest that the lithium ions indeed diffuse one-dimensionally
along the channels in the b direction involving tetrahedral voids. Activation energies as high as 0.66(2)
eV were extracted from spin-lock NMR. A lithium jump rate in the order of ca. 2 x 10%s7! at 500 K
identified the material as a moderate to poor ionic conductor, nonetheless the characterization and
especially the synthesic pathway of Li3BiSs can be a potential foundation for the development of new
lithium bismuth sulfides.

2H-Li,NbS,. Two-dimensional Li ion diffusion was studied in 2H-Li,NbS, as a function of the

lithium content z. 2H-Li,NbS, was a suitable and intriguing model system with a layered structure
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to study both dimensionality effects in spatially confined dimensions, as well as the influence of Li
intercalation on local hopping and long-range ion transport. Frequency-dependent R, measurements
were successfully employed to identify two-dimensional diffusion in 2H-Li, NbS, taking place along
the buried interfaces in the host material. All samples show a small but clearly noticeable logarithmic
frequency dependence in the R, rates within the high temperature limit characterized by w;7, < 1.
The experimental results are in excellent agreement with values predicted with the model of Richards for
two-dimensional diffusion by using the semiempirical spectral density function. R, NMR measurements
showed that the Li intercalation degree z influences the Li ion diffusion in the material as expected.
The larger that z is chosen, the less the vacancy concentration, which slows down Li diffusivity in the
van der Waals gap. The R, rate peak maximum is shifted towards higher temperatures with increasing
intercalation content z. Additionally, the slow-down of Li diffusion in the material is confirmed by
a significant increase of the long-range activation energy (E, ,—03 = 0.44 eV — E, ;o7 = 0.47 eV
— By z—1 = 0.64 eV).

LigLagZrTaOq4. For the first time, temperature-variable "Li NMR relaxometry measurements
using both laboratory and spin-lock techniques were used to probe very fast lithium ion diffusivity
in single crystalline LigLazZrTaO;,. The data obtained from R;, measurements perfectly mirror
a modified BPP-type relaxation response being based on a Lorentzian-shaped relaxation function.
The rates measured could be parameterized with a single set of diffusion parameters. A activation
energy of 0.51 eV for long-range Li ion diffusion was calculated from the HT flank of the R;, rate
peak. Additionally to the NMR experiments, impedance spectroscopy experiments were carried out.
The conductivity measurements identified LigLagZrTaO;5 as a very fast Li ion conductor with a high

1, and an activation energy of 0.47 eV at around ambient

DC conductivity, ope pf 2.9 x 1074 S em™
temperatures. Both NMR and IS methods are able to record the same diffusion process, which is

reflected directly in the similar activation energies.

Li;_,LagZry ,Bi, 015. Motional narrowing of a series of bismuth doped LLZO (z;,, = 0.10 -
1.00) was measured by the evaluation of the FWHM of "Li solid-state NMR spectra. The results
show that fast Li ion diffusivity for LLzZBO is only achieved for high Bi contents. "Li NMR rates
recorded in the laboratory frame of references confirms the assumed trend from motional narrowing
measurements by a significant decrease of activation energy with increasing bismuth content z. The
energies for short-range ion diffusion were obtained from the LT flank of Ry rates - E, ;o1 = 0.31(1)
&V — Ey g9 =0.19(1).

LiAlSi Oqy. The influence of mechanical treatment, and thus nanostructuring, and the introduc-
tion of defects on Li ion dynamics in both crystalline petalite LiAlSi;Oqy and its glassy form, was
comprehensively investigated by solid-state NMR and conductivity spectroscopy. Nanostructured sam-
ples were prepared by high-energy ball milling of the coarsely ground starting materials. As probed by
conductivity spectroscopy, ball-milling of the crystalline LiAlSi;O;g sample results in an enhancement
of long-range ion transport by almost two orders of magnitude. Starting with micro-LiAlSi4O1q, the
activation energy decreased from 0.95 eV down to 0.81 e€V. The opposite trend, however, is found
when LiAlSi;Oq( glass is treated for several hours in a planetary mill. The Li ion conductivity of
the glassy forms decreases with increasing milling and a reverse trend is observed regarding the
activation energies since it increases from 0.73 eV to 0.85 eV. This decrease in conductivity is caused
by mechanically induced structural relaxation of the glass. Importantly, with increasing milling time,

the Li ion conductivities of both morphologies, viz crystalline and glassy, head towards each other.
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Li,EMIM, _,TFSI. A conceptually new class of electrolyte materials usable for high temperature
lithium batteries has been studied by solid state NMR; the mixture of an ionic liquid with a lithium salt.
"Li NMR experiments were used to study both local electronic structures and Li" self-diffusion in LiTFsI
and LiIEMIM(l_x)TFSI with 2 equals 0.9. Upon heating the mixture to 513 K, the relaxation transients
clearly reveal several double phase regions; one phase can be assigned to the known solid-state phase
transformation of lithium salt and can be well recognized by the change of the quadruple powder
pattern of the "Li NMR spectra of LiTSFI. The change of the powder pattern was proved by examining
the pure lithium salt in addition to the mixture. A rapid increase in long-range ion conductivity,
within two orders of magnitudes, takes place when the 1/2 EMIMTFSI/LiTFSI phase starts to melt. This
process can also be monitored by temperature-variable "Li SLR NMR. If recorded up to delay times of
1000s, the pronounced bi-exponential "Li SLR NMR transients directly reveal a subset of highly mobile
Li ions, partly identified as [Li(TFSI)y]~, which can be well discriminated from the response of pure

salt. This sub-ensemble is assumed to be responsible for the drastic boost of the ion conductivity.






Supplemental material

Below, supplemental material to the articles "LiBi3Sy - A lithium bismuth Sulfide with strong cation
disorder" (see pp. 33) and "Synthesis, crystal structure, and stability of cubic Li;_,LagZry ,O15" (see
pp. 63) is given. In addition, all conductivity spectra and the corresponding Arrhenius plot are shown
as supplemental material to section 3.3.
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LiBi3Ss—A Lithium Bismuth Sulfide with
Strong Cation Disorder

Supporting Information
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Fig. S1. X-ray powder diffractogram of LiBi3Ss with the results of the Rietveld refinement (black:
measured, red: calculated intensities, green: Bragg positions, blue: intensity difference).
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Table S1. Details of X-ray powder diffraction at LiBi3Ss.

Sum formula LiBi3Ss

T/K 298

Crystal system  monoclinic

Space group C2/m
A1/pm 154.056
A2/pm 154.439

Z 4
M/g mol-1 794.2
a/pm 1310.23(6)
b/pm 400.054(18)
¢/pm 1650.92(7)
B/° 94.0840(10)
V/106 pm3 863.15(7)
Pealc/g cm3 6.112
u/mm-1 128.51
Ry 0.0188
Rup 0.0286
Rexp 0.0084
R 0.0658
R 0.0426
S 3.36
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Table S2. Atomic coordinates, displacement parameters, and site occupation factors (s.o.f.) for LiBisSs at
ambient temperature as derived from X-ray powder diffraction.

Atom WycKoff site X y z Uiso/10% pm? s.o.f.
Bil 4i 0.2378(2) % 0.11120(14) 0.0223(13) 0.875(4)
Lil 4i 0.2378(2) % 0.11120(14) 0.0223(13) 0.125(4)
Bi2 4i 0.4725(2) 0 0.21770(13) 0.0198(12) 0.862(3)
Li2 4i 0.4725(2) 0 0.21770(13) 0.0198(12) 0.138(3)
Bi3 4i 0.21592(16) 0 0.39037(13) 0.0180(11) 0.943(5)
Li3 4i 0.21592(16) 0 0.39037(13) 0.0180(11) 0.057(5)
Bi4 2a 0 0 0 0.019 0.467(4)
Li4 2a 0 0 0 0.019 0.533(4)
Bi5 2d 0 Y2 Y2 0.019 0.172(4)
Li5 2d 0 Y2 Y2 0.019 0.828(4)
S1 4i 0.3776(10) 0  0.0548(7) 0.010(4) 1
S2 4i 0.1107(10) 0  0.1494(7) 0.013(4) 1
S3 4i 0.3408(10) %  0.2562(7) 0.019(4) 1
S4 4i 0.0650(8) Y  0.3725(7) 0.007(4) 1

s5 4i 0.3611(9) % 0.4618(7)  0.017(4) 1
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Supporting Information

Synthesis, crystal structure and stability of cubic Li;_LasZr,_,BiO1

Reinhard Wagner*’T, Daniel RettenwanerT, Giinther J. Redhammer', Gerold TippeltT, Gebhard Sabathi’,
Maurizio E. Musso', Bernhard Stanje*, Martin Wilkeningi, Emmanuelle Suard®, Georg Amthauer’
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Figure S2. Rietveld refinement of NPD data of sample Lig joLa;Zr; 1Big.990,; using unprotonated LLZBO as well as pro-
tonated LLZBO.

Table S1. Unit-cell parameters a, of Li;—LasZr,,Bi,O;, as derived from NPD data.

< 2 [A] 2 [A]
unprotonated LLZBO | protonated LLZBO

0.10 13.00541(11) -

0.20 13.00396(10) -

0.30 13.00790(13) 13.05130(35)
0.40 13.01106(09) 13.05581(35)
0.50 13.01373(12) 13.05951(31)
0.60 13.01767(21) 13.06724(26)
0.70 13.02165(24) 13.07348(25)
0.80 13.01118(10) 13.05684(29)
0.90 13.01544(20) 13.07028(23)
1.00 13.01692(19) 13.06627(24)

S2
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Figure S3. Unit-cell parameter of Li; ,Las;Zr, Bi,O,, derived from NPD data. Red diamonds represent unit-cell parameters
of unprotonated LLZBO phases, while blue squares represent unit-cell parameter values of protonated LLZBO phases. For

comparison, unit-cell parameter values derived from XRPD are shown in grey (grey spheres: as-synthesized; grey squares:

after 1 week under air; grey triangles: after 3 weeks under air).

Table S2. Structural data of LigglasZrygBigz001, (upper table) and LigylasZr;oBiggO1, (lower table),
respectively, as derived from Rietveld refinement of NPD data.

LiggolasZry goBig 2001

X y z B occ.
La 0.125 0 0.25 1.60(4) 1
Zr 0 0 0 1.50(3) 0.91(1)
Bi 0 0 0 1.50(3) 0.09(1)
(¢} 0 0.19477(13) 0.28108(11) 1.86(4) 1
Lil 0.375 0 0.25 3.7(4) 0.57(3)
Li2 0.0988(11) 0.1858(11) 0.4136(11) 3.5% 0.44(3)
* B value fixed during refinement
Lis 208321 20Bigg0O01:
X y z B occ.
La 0.125 0 0.25 1.31(3) 1
Zr 0 0 0 1.21(4) 0.56(3)
Bi 0 0 0 1.21(4) 0.44(3)
(¢} 0.10075(19) 0.1959(3) 0.28132( 1.62(3) 1
Lil 0.375 0 0.25 1.9(3) 0.51(4)
Li2 0.6849(24) 0.5924(25) 0.10666( 3.5% 0.32(2)

* B value fixed during refinement

S3
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Li ion diffusion & ionic conduction in aluminosilicate LiAlSi,Oq
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Figure A.1 — On the left hand side conductivity spectra for all crystalline petalite samples (Oh, 6h and 24h
milling time) and on the right hand side the corresponding Arrhenius plot are presented.
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Experimental

B.1 Apparatus

B.1.1 Solid-state NMR setup

67Li NMR measurements were performed using two different configurations of Bruker Avance III solid-
state NMR spectrometers of the wide-bore (WB) type. One device is an Avance III 300 spectrometer
equipped with a 7 T magnet corresponding to a SLi resonance frequency of 44 MHz and a "Li resonance
frequency of 116 MHz. The other device is an Avance III 500 spectrometer equipped with a 11 T
magnet corresponding to a OLi resonance frequency of 74 MHz and a "Li resonance frequency of 194
MHz.

The probe heads that were used for static and magic-angle spinning (MAS) experiments were
commercially available solid-state broadband probes by Bruker. A Eurotherm controller in combination
with type T thermocouples was used to regulate the temperature.

For static measurements, a broadband teflon probe head with a temperature range of 180 K up to
450 K. was employed. For measurements at temperatures above 450 K, a ceramic probe designed for
high-temperature measurements up to 620 K was used.

High-resolution MAS NMR on the Avance ITT 500 was performed by using 2.5 mm or 4 mm Bruker
broadband probe heads, with rotation rates up to 30 kHz and 15 kHz respectively.

For static NMR relaxation experiments, the powders were fire-sealed under vacuum in small DURAN®
glass tubes typically of 3 - 4 cm length with 5 mm diameter. For MAS NMR experiments, the powders

were packed into the corresponding zirconia rotor.
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B.1.2 Impedance spectroscopy setup

Broadband dielectric measurements were done on a Novocontrol Concept 80 impedance system. The
setup includes an Alpha-A RF impedance analyzer connected to an active zs-cell providing a frequency
range of starting from 107* Hz up to 10 MHz. Alternatively, an Agilent 4991E RF impedance analyzer
with an RF sample cell can be used extending the frequency range to 3 GHz. A Novocontrol QUATRO
cryosystems is responsible for the temperature control allowing measurements to be performed in a
range of from 113 K to 670 K. All measurements are performed under inert conditions since the cell is
constantly being flushed with dry nitrogen.

For impedance measurements, the powders were pressed to pellets in pressing tools (5, 8 or 10
mm in diameter). 100 nm of gold, serving as electrical contacts, were applied on both sides of the
pellet with a Leica EM SCDO050 sputter coater.

B.2 NMR pulse sequences

Saturation recovery pulse sequence

Spin-lattice relaxation (SLR) rates (Rp) in the laboratory frame of reference have been recorded
employing the saturation recovery pulse sequence as shown in figure B.1a. The initial train of pulses 5
= /2 is used to destroy the longitudinal magnetization M ,. The following recovery of the macroscopic
longitudinal magnetization M, is measured by an additional detection pulse 85 = 7/2 as a function of
the varying delay time t;. The amplitude of the resulting free induction decay (FID) is proportional to

the magnetization M ,. This recovery of M, can be described by stretched exponentials of the form

Mp(td) = ]Mp,eq[1 - emp(_[td/Tl]’Y)]a (Bl)
where M, ., denotes the equilibrium magnetization and v the stretching exponent. A recycle delay of

5 x Ty is employed to ensure that a complete relaxation of the magnetization is achieved. Classical 1D
spectra can be obtained through Fourier transformation (FT) of an FID, preferably after full recovery
of M,.

Spin-lock pulse sequence

Spin-lattice relaxation rates in the rotating frame of reference (R p) have been recorded by a spin-lock
pulse sequence illustrated in figure B.1b.[40, 41, 87, 88] An initial 90° pulse 3; = 7/2 rotates the

equilibrium magnetization M , ., into the z-y plane where the magnetization is "locked" by the locking

p?eq
pulse (5 for the duration t;,.,. After turning off the locking pulse §4, the magnetization is relaxing
towards zero in the field B;, this behavior is true for the corresponding FID. The transients are

recorded as a function of ¢, and can be parameterized by stretched exponentials.
Mp(tlock) = Mp,eq[exp(_[td/Tlp]’y)]' (B2)

Solid-echo pulse sequence

Solid-state echoes have been recorded employing the pulse sequence as shown in figure B.1c. An initial

pulse 81 = m/2 rotates the equilibrium magnetization M peq to the z-y plane and the spins start
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to dephase due to transverse relaxation (SSR) during the preparation time tp- At the end of ¢, a
refocusing pulse 35 = 64° is applied resulting in an echo at ¢ = 2¢,,. The echo intensity M, ,(t,) can
be parameterized with an exponential of the form

Mz,y(tp) = ]lﬁ?y[exp(—[%p/ TQ]’Y)]' (B'?’)

The magnetization transients are usually described by single exponential functions with a v of 1.
Spectra can be obtained from the echoes by FT starting at the maximum of the echo.

67Li NMR SAE pulse sequence

Spin-alignment echoes (SAE) have been recorded employing a Jeener-Broekart pulse sequence as
shown in figure B.1d.[54] At fixed preparation time ¢, (between 10us and 20us) the echo amplitudes
So(tp,ty,) are measured as a function of mixing time ¢,,. The resulting decay curves can be described

by stretched exponentials of the form
SZ(tpa tm) = A[exp(_[emphtm/TSAE]’y)]v (B'4)

where 7,5 is the SAE correlation time and ~ the stretching exponent. Spin-diffusion and relaxation

processes can lead to a second decay step in the curve.[89]

a) c)
n x (B =m/2) By =m/2 By =m/2 B, = 64°
[pep——

FID Ml,‘.'(/( tp)
‘ M:( f’d) tp tp /\ ) ‘
. echo
»

t=0 t Tt "t
b) d)
By =m/2 B, =m7/2B, = w/4 By =m/4
By
M, (tioer) ; ; S(ttin)
locking field B; FID = b " b echo
t=0 fouk t 1

Figure B.1 — Schematic illustration of NMR pulse sequences used in this work. a) Saturation recovery pulse
sequence used for recording SLR rates in the laboratory frame of reference. b) Spin-lock pulse sequence used
for recording SLRp rates in the rotating frame of reference. The second pulse 5 is applied to "lock" the
magnetization in the z, y plane. c) Solid-state echo pulse sequence used for recording solid-echo spectra and
Ry. d) Jeener-Broekaert pulse sequence used for recording spin-alignment echoes (SAE).
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