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Abstract

Electrochemical energy storage affects our daily life to a great extent. Many electronical devices
such as laptops, tablets, digital music players or cell phones rely on secondary Li-ion batteries.
In order to keep up, however, with advancing technology for mobile and portable devices new
ways have to be found to improve performance and safety in Li-based batteries. In this context,
the field of materials science plays a main role in the development of high-performance energy
materials and in providing the necessary means for their in-depth characterization. Ion dynam-
ics, i.e,, Li self-diffusion in particular, determine the applicability of solid ion conductors as elec-
trodes or electrolytes in batteries, or other technical systems. To more closely examine self-
diffusion a variety of complementary methods can be employed on a microscopic and macro-
scopic length scale.

The following dissertation, is directed towards studying fast and slow Li ion diffusivity in dif-
ferent classes of ionic conductors with the help of solid-state nuclear magnetic resonance and
impedance spectroscopy as well as dynamic mechanical analysis. Diffusion in layer-structured
compounds, i.e,, Lio17SnS; and LiCs, is governed by motional confinement within the interlayer.
Li diffusion parameters in LiCs were assessed by spin-lattice relaxation NMR techniques in a
temperature range relevant for their practical application in batteries. Self-diffusion at room
temperature (T= 295 K) is characterized by D & 10*m? s™". The study of Li ion dynamics in
lithium-intercalated tin disulfide (Lio.SnS,) revealed the existence of both fast and slow diffu-
sion by going from microscale down to nanoscale materials. With the introduction of more
defects and disorder overall diffusivity could be enhanced via ball-milling, indicated by a shift of
the relaxation rate peak, with however considerable influence of correlation effects. Ultraslow
and heterogeneous ion dynamics were found for Li,SnO; characterized by D = 9 x 107° m’s™
at T = 297 K. Via high-resolution °Li NMR two unexpected out-of-plane diffusion pathways
were identified with Li exchange rates in the order of 1 s™'. A fundamental study of LiAlO, re-
vealed slow Debye-like ion motion in a highly ordered single crystal over a broad temperature
and frequency range. This study is a rare example which probes Li motion via the application of
electrical and mechanical relaxation techniques. As a fast conducting solid garnet-type Al-, Ga-
doped LLZO proves to be a promising candidate for the application as solid electrolyte. Influ-
ence of Al and Ga doping on the Li sub-lattice in terms of site occupation was investigated via
“’Al and "'Ga MAS NMR. Increased Li-diffusivity of the Ga-doped samples compared to its Al-
doped analogues can be attributed to an increase in the unit cell parameter 4y, rather than a
blocking effect associated with the Al:Ga ratio.

Keywords: Li ion dynamics, self-diffusion, NMR, dimensionality, nanostructured materials






Kurzfassung

Die elektrochemische Energiespeicherung nimmt heutzutage grofien Einfluss auf unseren All-
tag. Zahlreiche elektronische Gerite wie Laptops, Tablets, Multimedia-Player oder Mobiltele-
fone sind auf Lithium-Ionen-Batterien angewiesen. Um mit dem Voranschreiten auf dem Ge-
biet der technischen Entwicklung von mobilen und portablen Geriten mithalten zu konnen,
missen neue Wege gefunden werden, um die Leistungsfihigkeit und Sicherheit von Speicher-
systemen zu gewihrleisten, die auf der Lithium-Ionen-Technologie basieren. Bei der Entwick-
lung hochleistungsfihiger Speichermaterialien spielt vor allem das Forschungsgebiet der Mate-
rialwissenschaften eine grofle Rolle. Hier ist insbesondere die Charakterisierung der Ionendy-
namik, speziell der Lithium-Ionendynamik, bedeutend, welche die praktische Anwendbarkeit
von festen Ionenleitern in Batterien oder anderen technischen Systemen bestimmt. Um diese
Aufgabe zu erfiillen, steht eine Vielzahl an Methoden zur Verfiigung, die eine Betrachtung der
Lithium-Selbstdiffusion auf einer mikro- und makroskopischen Langenskala ermdglichen.

Die folgende Dissertation beschaftigt sich mit den grundlegenden Studien von schnellen
und langsamen Transportprozessen in verschiedenen festen Lithium-Ionenleitern basierend
auf der Untersuchung mittels Festkorper-NMR, Impedanzspektroskopie und dynamisch-
mechanischer Analyse. In schichtstrukturierten Ionenleitern, in diesem Fall: Lio1;SnS,; und
LiCs, wird die Li-Diffusion in einem groflen Ausmaf} durch die eingeschrinkte Bewegungsmog-
lichkeit in den Zwischenschichten dominiert. Fiir das Anodenmaterial LiCs wurden tiber einen
weiten Temperaturbereich Lithium-Diffusionsparameter anhand von Spin-Gitter-Relaxations-
zeitmessungen bestimmt. Die fiir ein Elektrodenmaterial eher langsame Selbstdiffusion wird
durch einen Koeffizient von D ~ 10" m? s™' (bei Raumtemperatur) verdeutlicht. Messungen
an der Lithium-Interkalationsverbindung Lio7SnS, zeigten das Auftreten zweier unterschied-
lich schneller Diffusionsprozesse bei Vergleich von nano- mit mikrokristallinen Proben. Wei-
ters konnten durch Hochenergie-Kugelmahlen zusitzliche Defekte und strukturelle Unord-
nung in Zinndisulfid eingebracht werden, welches sich in einer Verschiebung des "Li-NMR-
Ratenpeaks duflerte. Dadurch ldsst sich, unter Beriicksichtigung von Korrelationseffekten, auf
eine Erhohung der Li-Diffusivitit schlielen. Die diamagnetische Verbindung Li,SnOjs zeichnet
sich durch eine ultralangsame und heterogene Ionendynamik aus, beschrieben durch D = 9 x
1072 m?s™" bei 297 K. Mittels hochauflosender °Li NMR konnten zwei unerwartete Diffusions-
pfade fiir Ionenaustausch entlang der kristallographischen c-Achse identifiziert werden. Die
Sprungraten fiir langsamen Li-Austausch liegen in der Gréflenordnung von 1 s™. An einem

strukturell hochgeordnetem System, in der Form eines 7-LiAlO,-Einkristalls, konnten durch



elektrische und mechanische Relaxationsmessungen ein Debye-idhnliches Bewegungsverhalten
beobachtet werden. Diese Grundlagenstudie stellt ein seltenes Beispiel dar wo Diffusionspro-
zesse komplementdr mit dynamisch-mechanischer-Analyse und Impedanzspektroskopie in
einem breiten Temperatur- und Frequenzbereich untersucht wurden. Kubisches Al-, Ga-
dotiertes Li;LasZr,O1; ist ein Beispiel fiir einen schnellen Lithium-Ionenleiter, und somit ein
Kandidat fiir die Anwendung als Festkorperelektrolyt. In der entsprechenden Studie wurde der
Einfluss der Dotierung mit Al- und Ga-Ionen auf die Besetzung der kristallographischen Li-
Plitze mittels *’Al und "'Ga NMR bei 21 T untersucht. Dabei zeigte sich bei beiden Ionensor-
ten ein dhnliches Verhalten beziiglich der Besetzung der tetraedrischen 24d- und 96h-Plitze.
Die Erhohung der Li-Diffusivitit von Ga-dotierten Proben gegeniiber den Al-dotierten Ana-
loga wird mit einer Erhéhung der Gitterkonstante g, in Zusammenhang gebracht werden und

weniger mit einem Blockierungseffekt bedingt durch das Al: Ga-Verhiltnis.

Stichworte: Lithium-Ionendynamik, Selbstdiffusion, NMR, Dimensionalitit, nanostrukturierte Ma-

terialien
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1. Introduction

There is no doubt that a steadily growing consumption of energy leaves its mark on the envi-
ronment. Indeed, the effects of humankind on climate change are estimated to have increased
to more than 50% since the onset of industrialization. The intensive use of fossile resources and
the resulting increase in CO, emissions in particular led to atmospheric enrichment of green-
house gases.

Amongst other effects, global warming is considered to be linked to extreme weather events
such as floods or droughts, the steady rise of the sea levels, shrinkage of glaciers and polar caps,
or the loss of global biodiversity. As the environmental impact was shown to be irreversible,
mitigation strategies have to be found to ensure that the changes remain manageable [1]. In
terms of energy supply key mitigation strategies demand a switch from fossil-based resources
towards increasing use of renewable energy, i.e., hydro-, solar-, wind-, geothermal- and bioener-
gy-based sources [2]. However, variable renewable resources, e.g, solar or wind power, are chal-
lenging to incorporate into the energy supply chain, as they cannot be scheduled to produce
energy in specific amounts at specific times. Thus, with the help of storage systems energy can be
stored in either mechanical, electrochemical, chemical, electrical and thermal form and, thus,
facilitate the conversion and deployment when the need arises.

In the field of electric automobiles and portable appliances, such as cell phones or note-
books, secondary lithium ion batteries are the most important energy storage technology due to
their high cell voltage levels up to 3.7 V, their high gravimetric energy density and their high
efficiency in the range of 95% - 98% [3]. However, many metal oxide electrodes are thermally
unstable and tend to decompose at elevated temperatures. Additionally the usage of volatile
and flammable liquid electrolytes presents a serious safety issue. These facts provide the moti-
vation for ongoing research in Li ion battery technology with a special focus on the develop-
ment of solid electrolytes and improvement of electrode materials. In an all-solid-state battery
volatile and toxic organic electrolytes are replaced by a fast ion-conducting solid. Compared
with conventional Li ion batteries an all-solid-state system features superior longevity and
thermal stability and offers increased safety [4]. The engineering of electrodes and electrolytes
either involves synthesis of new energy materials or can also be achieved by improving the Li

transport properties of known ones. This can be accomplished, for example, via high-energy



ball-milling of crystalline, highly-ordered structures, which results in nano-sized, defect-rich
materials with enhanced Li diffusivity [S-7]. In general, ionic transport in solids is strongly
governed by structural disorder, defects and particle size. Understanding the relation between
these factors allows a specific tuning of the Li ion transport in solids for their application as bat-
tery materials.

An in-depth knowledge on Li-ion diffusion can be gained by applying complementary
methods that characterize Li hopping on a large time and length scale. Solid-state NMR spectros-
copy provides a wide array of techniques which are sensitive to short- and long-range jumps from
sub-Hz to GHz, over a scale of more than ten orders of magnitude. In concreto, diffusion-
induced relaxation of Li ions is accessible via %’Li spin-lattice relaxation (SLR) NMR measure-
ments. Ideally, temperature-dependent measurements probe a so-called relaxation rate peak.
Here, the rate maximum contains dynamical parameters such as the Li jump rate, activation
energy and self-diffusion coefficient. Further information on correlation effects and dimensionality of
the diffusion process are provided by frequency-dependent spin-lattice NMR measurements.
Stimulated-echo experiments set the lower limit for NMR spectroscopy and can provide direct
access to the jump rate of a single spin [8-11].

The overall aim of this work is to qualitatively and quantitatively study Li* transport in ion
conductors, primarily via solid-state NMR. Qualitatively, in terms of site occupation, diffusion
pathways and dimensionality of Li motion — quantitatively, in terms of accessing Li diffusion
parameters along with site-specific Li exchange rates. Furthermore these dynamical parameters
and mechanisms are considered are related with structure and morphology of the compounds.

A broad spectrum of materials is characterized: viz. (i) layer-structured intercalation com-
pounds (LiCg, Lio.7SnS,), (ii) ultraslow ion conductors (Li,SnOs3, LiAlO,) and (iii) solid elec-
trolytes (Li7_3(x+y)GaxAlyLa3ZrzO 12).

This thesis is organized as follows: At first a short introduction into the basics and principles
of diffusion is provided in section 2.1. along with an overview on diffusion measurement in 2.2. It
is followed by the section on solid-state NMR (2.3) providing information on the fundamentals,
interactions and different NMR techniques applied in the framework of this thesis. Experi-
mental results are presented in a cumulative form of published (and peer-reviewed) papers, and
paper drafts in chapter 3. All findings are briefly summarized in 4). Supplemental information
concerning the papers, along with a description of the experimental setup and NMR pulse se-

quences can be found in the Appendix.



2. Solid-State Diffusion

2.1 Basics and Principles of Diffusion

A complete description of the diffusion concept is beyond the scope of this thesis. Only the
most basic principles mechanisms are discussed in order to understand the experimental find-
ings presented in chapter 3. The interested reader is referred to the works of Mehrer [12],
Murch [13], serving as the basis of the following introduction.

The term diffusion describes the flux of atoms or molecules against a concentration gradient,
which is driven by the temperature-dependent Brownian motion. In the liquid or gas phase the
motion can be described as passive and unspecific, i.e., random and undirected motion. Statis-
tically the particles are distributed homogeneously, as seen over a certain period of time. In the
case of a difference in concentration the equalizing movement of atoms and molecules leads to
a stationary equilibrium. The tendency to return to the thermodynamic equilibrium is always
driven by an increase in entropy due to the diffusion process. Hence, the particle flux j, in an
isotropic medium along an arbitrary direction, e.g. in x-direction can be described with Fick’s
first law:
j—-p% (1)
Ox

where D denotes the diffusion coefficient (also known as diffusivity)and Oc/Ox the concentra-
tion gradient in x-direction, which is the driving force of the equalizing movement. If we con-
sider the general case of diffusion in all three dimensions equation (2.1) is expressed via vector

quantities:
j=—DVc (2.2)

With j representing the particle flux in x-, y- and z-direction and the symbol nabla Vas the vec-

tor differential operator describing a stationary concentration gradient, i.e. the gradient is



2.1 Basics and Principles of Diffusion

constant with time or can be seen as quasi-constant for a very slow diffusion process. As D is
dependent on the direction of the concentration gradient it is represented by a tensor. Howev-
er, regarding transport phenomena in polycrystalline solid samples, where we find many crystal-
line orientations and no macroscopic orientation, an average diffusion coefficient suffices to
describe diffusion D=(D).

We assume that the number of diffusing particles is conserved. The combination of the equation

of continuity and (2.2) gives

Oc
—=-Vj 2.3
5 j (2.3)

With equation (2.2) yields Fick’s second law, also known as the diffusion equation:

Oc

—=V(DVc¢ 24
% _9(0v9 @9
This partial differential equation yields non-numerical solutions if the diffusivity depends on
the concentration. For the opposite case, if D is independent of the concentration, i.e. in a
chemically homogeneous material, we obtain a time- and location-independent diffusion coef-

ficient. For given initial and boundary conditions the equation can be solved via Laplace-

transformation: (A=V*=9* / ox* +0° / dy* +0* / 0z%)

%: DV’*c=DAc (2.5)

We obtain the diffusivity by fitting the experimental concentration profile cex(x, t) with the
analytical solution of (2.5). For further information see the works of Murch [13] and Mehrer
[12].

The diffusion coefficient has been empirically found to show Arrhenius behavior:

AH
—k,T

B

D=D,exp , (2.6)
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With D, representing the pre-exponential factor, AH the activation enthalpy, ks Boltzmann’s
constant and T the absolute temperature. For solid-state matter, AH equals the activation en-

ergy Ea', provided constant pressure and negligence of the activation volume term.

D=D,exp (2.7)

—k,T

B

Depending on the experimental situation we can distinguish between various types of diffusion
coefficients. Here, the discussion will be limited to the type, which is most relevant for our

study of bulk diffusion in binary systems.

Tracer diffusion coefficient

Tracer diffusion differentiates between two cases: the first one, referred to as self-diffusion, uses
diffusing tracers that are chemically the same as the host, while the second one uses a different
species (impurity diffusion coefficient). Here, suitable tracers are either labelled by radioactivity
or their isotopic mass and are present only in tiny amounts within the material. While the pre-
requisite of a concentration gradient is still fulfilled, the tracer concentration is very low in order
not to change the chemical composition and exclude interaction with other tracer atoms. Trac-
er diffusion is adequate to describe the self-diffusion of matrix atoms, e.g., migration of atoms in
a pure metal. It also can be applied for more complex situations, e.g., in ionic crystals, when we
study a mobile species in an immobile matrix [12].

The bridge between the macroscopic self-diffusion coefficient D" and the microscopic view of

diffusion can be built with a relation referred to as the Einstein-Smoluchowski equation [14-16]

2
.
o) 09
2dAt
<r2> denotes the mean square displacement of a given particle during the time At, taking the
dimensionality d of the diffusion process into account. In order to describe discrete jumps in

solid matter equation (2.8) reads:

2
a

Duc _

C2dr (29)

! With the expression AH = AE+ pAV; in the following AE is referred to as Ea.
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The jump length a corresponds to the distance between the lattice sites, whereas T represents
the mean residence time of the particle on the lattice site, or 7' the jump rate. Note that this
expression holds for uncorrelated motion, i.e. the jumps are independent of their prior posi-
tions. If diffusion in a crystal is not solely caused by the interstitial mechanism, correlation ef-

fects have to be taken into account via the correlation factor f for the range 0 < f< 1.

D'=f-D“ (2.10)

Diffusion and defects

As a prerequisite for diffusion per se, existence of defects and vacancies is needed. Even every
“perfect” crystal in the state of thermodynamic equilibrium contains defects at T > 0 K. Zero-
dimensional defects, also called point defects, are atomic defects in an ionic crystal. These point
defects move through the crystal via different mechanisms (see below) and mediate atomic
diffusion. They can be further distinguished between i) intrinsic and structural defects and ii)
extrinsic or chemical defects [17].

Intrinsic Frenkel- or anti-Frenkel-defects can be formed when cations or anions (anti-
disorder) move onto an interstitial site, leaving vacancies on the regular site Defects of the
Schottky-type are formed by both cation and anion moving onto interstitial sites, leaving vacan-
cies in both sub-lattices in order to preserve charge neutrality (cf. Figure 1a), b)).

Extrinsic disorder can be introduced by homo- or heterovalent impurity atoms. While homo-
valent doping will merely lead to a distortion in the crystal lattice, heterovalent impurities are
the driving force for the additional formation of vacancies in order to preserve charge neutrality.

Line-shaped, one-dimensional defects often occur in the form of edge and screw dislocations.
This type of defects can delete vacancies and interstitials, or can create new ones. So-called pla-
nar defects occur in the form of stacking faults in the lattice or as grain boundaries [12,18,19].
The boundaries are the interfaces between crystallites with different orientations. Such grain
boundaries are often found to exhibit higher diffusivity compared to the bulk material. For the
sake of completeness, three-dimensional disorder exists in the form of voids/pores and precipi-

tates which are clusters of vacancies or and impurities forming inclusions of a different phase.

Diffusion mechanisms

The position and migration path of atomic particles is restricted by the crystal lattice. The jump
mechanism of the diffusing atom is strongly influenced by the host crystal structure, size and
chemistry of the diffusing atom and by which kind of defects it is mediated. If diffusion is not
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Figure 1: Structural defects of the a) cationic Frenkel-type, b) Schottky-type along with schematic represen-
tations of the most common diffusion mechanisms: c) the vacancy mechanism, d) the interstitial mechanism,

e) the interstitialcy mechanism. Adapted from references [12,13].

just mediated by interstitial atoms correlation effects are inevitable. It shows how atomic jump
probabilities depending on the direction of the previous jump. In the following, only a brief
description is given for the most important mechanisms (cf. Figure 1c)-e)). More detailed in-
formation is available in the literature [12,13]:

The vacancy mechanism occurs preferentially for matrix and solute atoms in metals and al-
loys. Here, the atom jumps from its regular lattice site onto a vacancy, i.e. we find an atomic
jump coupled with vacancy movement into the opposite direction. Diffusion via the vacancy-
mechanism is mostly influenced by the mobility and availability of vacancies.

Interstitial mechanism (direct interstitial mechanism) denotes atomic movement only along
interstitial sites, which works without the help of defects and thus results in enhanced diffusivi-
ty. This mechanism is favored by particles much smaller than the atomic building blocks of the
lattice, i.e. they can be seen as solute atoms forming a solid solution with the host lattice.

If an atom occupying a regular lattice site is displaced by an interstitial atom the mechanism
is called indirect interstitial mechanism or intersticialcy mechanism. This jump mechanism is im-

portant if the atomic particle is about the same size as the lattice atoms.
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2.2 Measurements of Diffusion Parameters

There are different ways in order to classify methods for the determination of diffusion coeffi-
cients either by the length of the diffusion range, viz. as microscopic and macroscopic methods, or
if they depend on the solutions of Fick’s laws, i.e. direct and indirect methods. Addtionally, we
differentiate between nuclear and non-nuclear methods. Figure 2 provides an overview of es-
tablished techniques. As the detailed description of each method exceeds the frame of this in-
troduction, only those techniques most relevant for this work are briefly described below and in
the case of nuclear magnetic resonance spectroscopy (NMR) in a more exhaustive form in
chapter 2.3.

| tracer diffusion |

v
2 ~
) FGNMR _ _
[72] - —
g [ dc conductivity ac L
<
£
| NMR-relaxation 1
U -
& _stimulated-echo NMR |
o
9 o
-NMR
2 | B 8
£ B
- 1 { 1 1 1 1 { 1 1 1 1 { 1 1 1 1 { 1 1 >
10°° 100 10° 10" 77 (s7)

Figure 2: Overview on the dynamic range of microscopic and macroscopic methods for the measurement of
self-diffusion parameters in solids (Adapted from [11]). Nuclear methods are marked with grey colors; non-
nuclear methods in white. (FG-NMR: Field-gradient NMR, MR: Mechanical relaxation, QENS: quasi-
elastic neutron scattering, MS: Mdssbauer spectroscopy)

Macroscopic, direct methods are directly based on Fick’s law and involve the recording of
concentration profiles in solids, by radio tracer experiments [18]. Direct measurement of mac-

roscopic, i.e., long-range diffusion may also be achieved by static or pulsed field-gradient nuclear

-10-



2.2 Measurement of Diffusion Parameters

magnetic resonance (NMR)spectroscopy [20]. In contrast, indirect techniques generally study
phenomena which are caused by diffusion. With the help of specific atomic models self-
diffusion coefficients can be extracted, along with information on correlation effects. These
values, extracted from micro- or macroscopic models, are necessarily approximations of D, as
obtained by direct means.

DC-conductivity measurements [21] and mechanical relaxation spectroscopy both provide a
non-nuclear access, whereby the latter is best suited to study mixed-ionic transport phenomena
of glassy systems [22] In the frame of this PhD work we successfully applied this technique for
the study of the monocrystalline Li ion conductor LiAlO, and compared macroscopic diffusion
parameters with those obtained from dc-conductivity. (See section 3.2.2.)

Microscopic techniques can access microscopic parameters such as activation energy Ex and
jump rates 7' on an atomic length scale. Nuclear methods involve the broad spectrum of NMR
relaxometry in the laboratory and rotating frame of reference, 3-NMR [8,23-25], quasi-elastic
neutron scattering (QENS) [26], and Méssbauer spectroscopy [27]. With these indirect
methods relaxation times or linewidths are measured and correlated with mean residence times,
or jump rates. Via the Einstein-Smoluchowski equation (cf. equations (2.9) and (2.10)), they can
be transformed into self-diffusion coefficients.

As shown in Figure 2, a broad time scale can be covered with NMR and conductivity measure-
ments, i.e. impedance spectroscopy, depending on the measurement frequency. In order to gain
information on long- and short-range diffusion characteristics it is necessary to combine com-
plementary methods and techniques covering a broad time and length scale. The upper and
lower limit of diffusion measurements via NMR are given by relaxometry in the laboratory
frame of reference, where we can probe ionic motion up to the GHz-range and stimulated echo
NMR techniques being sensitive to sub-Hz jumps. These, and other selected techniques are

discussed in greater detail in the next chapter.

-11-
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2.3 Solid-State Nuclear Magnetic Resonance

In the following section the fundamental properties of nuclear spin systems in an NMR experi-
ment are explained via the classical vector model. Strictly speaking this model only applies to
uncoupled spin systems; but it helps to illustrate the effects of pulsed NMR and understand key
NMR experiments. However, a complete understanding can only be achieved with the help of
quantum mechanics. As soon as we consider nuclear spin interactions, the dynamics of the sys-
tem can only be described with quantum mechanical models.

Here, the basics of NMR and relevant magnetic and electric interactions are briefly outlined
along with essential techniques for probing nuclear interactions. Ultimately, correlations of
jump diffusion and NMR relaxation are explored on a micro- and macroscopic timescale. The
following books provide extensive and detailed information on (solid-state) NMR spectros-

copy [28-32] and were used along with references [7,33-36].

2.3.1 Basics of NMR

2.3.1.1 The Vector Model of Pulsed NMR

The phenomenon of nuclear magnetic resonance is based on interaction of a nucleus with a
magnetic field. Certain types of nuclei appear to have a source of an angular momentum, which
is referred to as the nuclear spin angular momentum I, a vector quantity with both a direction and
magnitude. Nuclei with I = 0, often simply referred to as spins, possess a magnetic (dipole)
moment . The magnetic moment describes each nucleus individually with the so-called gy-

romagnetic (also magnetogyric) ratio:

p=ry-I (2.11)

The spin angular momentum I is determined by the spin quantum number I, which can only

possess discrete values. The absolute value is given by the relation
[T|=\I(I+1)h (2.12)

with half-integer and integer values of I and # as the reduced Planck constant.
In the presence of a static magnetic field By, a magnetic moment ft experiences a torque T.

This causes a time-dependence of the spin precessing around B,.
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dI
T=pxB,=— 2.13
pxBy=— (2.13)
Together with equation (2.11) the classical equation of motion for the magnetic moment is
given as:
1d
pix B, =— (2.14)
v dt

Thus, p precesses with an angular frequency wo, which is also referred to as Larmor frequency.
(See Figure 3a)).

w, =B, (2.15)

Zeeman Splitting

The energy of the nuclear dipole depends on the value of the magnetic moment g the static,
uniform magnetic field B, and the angle 6, between the spin momentum and the magnetic field.
In order to describe the discrete energy states of the spin angular momentum we look at the

projection of I (cf. equation (2.12)) onto the z-axis, i.e., I, leading to discrete energy levels as:
I =mh (2.16)

with m; denoting the magnetic quantum number: m; =1, 1 -1, ..., —I. According to the rules of
quantum mechanics the orientation quantization of the magnetic moment leads to 2I + 1 ener-

gy eigenvalues Ey, of the nuclear spin vector:
E =—p B,=—ymhB, (2.17)

The splitting of the spin energy levels occurs as a result of the presence of a magnetic field B, #
0; the energy levels are equidistant and their absolute values are field-dependent (cf. Figure
3b)). This effect is known as Zeeman splitting. Upon irradiation with electromagnetic waves
with the appropriate energy values the spins can cross over between the Zeeman levels, given
that the condition Am = £ 1.> For the transition the required frequency v depends on the gyro-
magnetic ratio 7 and the field strength, which can be deduced from the angular frequency wi.
(see also equation (2.15))

* Quantum mechanical selection rules for electromagnetic transitions involving a photon spin S=1 allow transi-

tions between the energy levels for Am = * 1, fulfilling the conservation of angular momentum.
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a) b)
Zi

Bo 3/2h —  3/2yhB,

Bo
ﬂ 1/2h —  1/2yhB,

0T AE
M
Ea ~1/2h ——  —1/2yhB,
e
Y -3/2h — —3/2yhB,
X
\

1e
Em

Figure 3: a) Larmor precession of the magnetization vector My in a static field Bo. The angular frequency is
given as w, = —YB,. b) Zeeman-splitting shown for a nucleus with I =3/2, e.g. ’Li, in a static field By: For
the projection of the spin angular momentum I onto the z-axis we find four possible orientations of I,, due
to the orientation quantization of the magnetic moment, as described in equation (2.16). Accordingly, the

potential energy E., splits into 2I+1 equidistant energy levels. (Adapted from reference[11]).

w, =27 =|"|B, (2.18)
Therefore the NMR resonance condition can be written as:
AE="h||B, =hw, =hv (2.19)

Occupation numbers Nim-1 of the two Zeeman levels are temperature-dependent and follow a

Boltzmann distribution in the thermodynamic equilibrium state, i.e. a relaxed spin system.

_’YhBo
k,T

_(Emfl — Em)
k,T

m—

- =exp =exp (2.20)

m
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Influence of RF Pulses
In an NMR experiment we observe a macroscopic net magnetization M of N nuclear spins in
the field Bo, which can be described as the vector sum of the magnetic moment g in the unit

volume V.

M:iiui (2.21)

Thus the equation of motion described for g in expression(2.14) can be expressed as:

dﬂ:fy-(MxBO) (2.22)

dt
Note, at thermal equilibrium M= M is given by the sum of the z-components of 4 and thus M,
= Moand M, = M, = 0. During an NMR experiment the thermal equilibrium is disturbed by a
radiofrequency (rf) field B perpendicular to the orientation of By, generated by an electromag-
netic coil in the xy-plane of the coordinate system, enabling the energy level cross-over of the

spins. Such a time-dependent linearly oscillating magnetic field B, can be described as
B, =B, cos(wt)-e, (2.23)

with e, as the unit vector in x-direction in the laboratory coordinate system. A linearly polarized
field can also be described with the help of two counter rotating fields rotating around the z-axis

clockwise and counterclockwise.
1 1 . 1 1
B, :EBI cos(wt)e, +EBI sm(wt)ey —}-EBI cos(—wt)e, +EBI cos(—wt)ey (2.24)

As the second term rotates in the opposing direction to the precessing magnetization it has no
significant influence and can therefore be ignored in the following. Consequently, under the
influence of a time-dependent field B, the equation (2.22) of motion can be written as

dd_l‘t‘: M x (B, +B,(1)). (2.25)

The motion of magnetization is easier to describe in a rotating coordinate system which removes
the time-dependence of the RF field. It rotates with the same frequency as B, along the direc-

tion of By, i.e. the z-axis. Viewed in this frame the magnetization appears stationary. By switch-
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ing from the laboratory to the rotating coordinate system an additional term is introduced into

equation (2.22) which now reads as:

dM

D] e oax) By = pix| B+ | (mx,) 220

dt

w
B+—]
S

As aresult of switching to the rotating frame we now find an effective magnetic field Bes.

B,=B+2 (2.27)
v

Expressed with the unit vectors in the rotating frame e, and e. = e. it reads:
, w
B,=(B,—B,)-e,+B-e, with B,=—— (2.28)
v

B, represents the reduced field in the rotating frame. If w = wo the z-component vanishes and B.g
= B,. This means that B, determines the motion of the magnetization, even though B, < B,. As
a result the magnetization precesses with w, = ~-B,. As an example: if B, is switched off as M
rotates in the x'y’-plane, this is referred to as a 90°-pulse. In this case the magnetization precess-
es in the xy-plane around By in the stationary coordinate system and induces a characteristic
“answer” in the form of a voltage U(t), i.e. the free induction decay (FID), in the magnetic coil.
The manipulation of the magnetization by the angle 0 depends on the pulse length and is de-
fined by:

0=wT,=7BT, (2.29)

Thus, the direction of the magnetization can be tuned by the duration of B;. Manipulation of M
represents a perturbation of the thermodynamic equilibrium. The result of a 90° (7/2) pulse are
equally populated the spin energy levels, whereas a 180° pulse leads to an occupation inversion
with the magnetization aligned along the (-z)-direction. The system relaxes back to equi-
librium via different relaxation mechanisms, characterized by the time constants T, and T,

which can be described as follows:

sz=Z/ MO_Mzzz/
=T et (2.30)
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dM M
= T’“ and L— (2.31)

Transversal relaxation time or spin-spin relaxation time denotes the relaxation of M in the x'y'-
plane. The decay of the transversal magnetization is an entropy process; the spin level occupa-
tion and the total energy of the spin system remain constant. Instead phase coherence between
the nuclear sites is lost, which is mainly caused by field inhomogeneities and locally different
environments of the nuclear spins. Additionally the decay of M,, can be influenced by localized
spin-spin interactions, flip-flop processes and longitudinal relaxation due to diffusive motion of

atoms and molecules.

M, (t)=M, exp[— ;] (2.32)

2

T, includes all above mentioned contributions to the dephasing of the spins. “Pure” spin-spin
relaxation times can be measured with so-called spin-echo NMR techniques, applying a se-
quence of 90° and 180° pulses, as described in more detail in chapter 2.3.4.

The time-dependent decay of M, is reflected in the exponential decrease of an alternating volt-

age:

U(t)=U,exp

t
—T*] (2.33)
2

This “free induction decay” is translated into the frequency range via Fourier transformation,
yielding the NMR spectrum.

Longitudinal relaxation or spin-lattice relaxation (SLR) describes the relaxation of the mag-
netization in z-direction of the coordinate system, parallel to By and is characterized by the spin-
lattice relaxation time T It is associated with the time which is required to transfer the energy
that the spin system acquired during the rf pulse back to the lattice.” This relaxation process is
sensitive to molecular and ionic motion if the timescale is in the order of the inverse Larmor
frequency. Motion of the nuclei can be seen as fluctuation of local fields at the nuclear sites that
induce the transition of the spin system back to equilibrium. Diffusion induced-relaxation is

mainly caused by homo- and heteronuclear dipole-dipole interactions or interactions of nuclei

3 The term “lattice” is used to describe a so-called “reservoir of energy”; here it is molecular motion. Hence spin-

latttice relaxation can understood as energy flow between spins and molecular motion.[37]
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with a quadrupole momentum with electric field gradients (cf. section 2.3.1.2) Other internal
fluctuating fields can result from resulting from the spin interaction with i) conducting elec-
trons in metals (Korringa relaxation), ii) electrons of surrounding atoms (chemical shift), iii)
phonons or iv) localized fluctuations due to paramagnetic impurities [11]. With the help of
temperature- and frequency-dependent NMR techniques the separation of diffusive from non-
diffusive contributions is attempted. Further information on the SLR NMR techniques and the

relation between spin-lattice relaxation and diffusion can be found in chapter 2.3.3.

2.3.1.2 Nuclear Spin Interactions

In the previous chapter the interaction of a single spin with the static magnetic field By and a
magnetic field due to rf pulses, Bj, has been presented. However, in order to describe the inter-
nal interaction between the spins a quantum mechanical approach is required. Interactions
between the nuclei and internal electric and magnetic fields can be described with the help of
wavefunctions and operators. Mathematically, wavefunctions are functions that entail the com-
plete description of the system with appropriate operators extracting the information by acting
on functions to produce new functions. Operators thus determines the observables, e.g. energy.
The energy operator is called Hamilton operator, or Hamiltonian H with the “hat” indicating its
use as an operator.

For a more detailed description and quantum mechanical basics in the context of NMR see
the excellent textbooks of Levitt [30]and Duer [31]. In the following only the most important
magnetic interactions are described, viz., chemical shielding, dipolar coupling and quadrupole

coupling.

The general representation of the interaction between a nuclear spin I and any field Bcan be

described by the following Hamiltonian:
H=-~1-B=—~(I B, +1 B +1B) (2.34)

I represents the spin operator with its respective x-, y- and z-components fx, fy, fz along
with the components of the magnetic field. For the description of the whole spin system we
need to take internal and external magnetic fields, i.e. the static field By and the high frequency

field B; into account:

I:Itot :I:Iext +I:Iint mit I:Iext :—")/i(BO +Bl (t)) (235)
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Interactions represented by I:Iint arise from internal sources, viz. local fields, as a result of the
interaction with other spins or due to chemical shielding. Any local magnetic field can be ex-

pressed as:
Bloc = Aloc ) ]’ (236)

Aj,c denotes the coupling tensor, representing the nuclear spin interaction and its orientation
dependence, with the vector J describing the ultimate source of the local field, viz., another nu-

clear spin in the case of dipole-dipole coupling, or By itself in the case of chemical shielding.

Chemical Shift and Chemical Shift Anisotropy (CSA)

The electrons surrounding the nuclear spin react to the influence of the magnetic field applied
in the NMR experiment inducing circular electric currents in the electron shell. This produces a
secondary magnetic field opposed to By which, in return, interacts with the nucleus. The elec-
tron density at the nuclear site is influenced by the chemical environment, i.e. chemical bonding
and polarization effects of the spin ensemble. This so-called shielding interaction is the source
of the frequency shift observed in an NMR spectrum, and thus enables structural analysis via
NMR. If the chemical shielding is influenced by diamagnetic effects, the effective field at the
nuclear site is decreased. On the other side paramagnetic effects support the applied field and
tend to de-shield the nucleus, resulting in a magnetic field larger than Bo. Therefore, in accord-
ance with the general form proposed in equation (2.36) the corresponding interaction Hamil-

tonian can be written as
H,=—7l-0-B, (2.37)

with Boas the ultimate source of shielding and the second-rank tensor o describing the chemi-
cal shielding. In liquids translational and rotational motion lead to an averaging of the aniso-
tropic magnetic contributions, which is why solely an isotropic shielding value o, is deter-
mined. In the solid state the electron distribution around the nucleus is highly anisotropic, and
thus the chemical shifts of the nuclei strongly depend on the orientation of Bo. The tensor
o contains the isotropic chemical shift oi., the anisotropy Ao and the asymmetry parameter 7.
In solids the increasing influence of the anisotropic and asymmetric parameters Ao and 7 leads

to broad powder spectra. For the NMR experiment the secular part of the Hamiltonian opera-
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tor describing the chemical shift is relevant. It considers the interactions in the z-direction with

respect to Bo.* The corresponding matrix elements are defined as follows:

1
O-iso = g(o-xx + O-}’}’ + O-ZZ)
Ao=o_—o0, (2.38)
n:(am —Uyy)/AO’
Following equation (2.36) and (2.37) the Hamiltonian for the chemical shift reads[31]:

A

H=1I.B,

O —l—%AU(3cos2 9)—1—7]sin2@c052¢) (2.39)
The polar coordinates describe the orientation of By with respect to the principal axis frame of
the chemical shift tensor, which is determined by the electronic structure of the molecule. The
resulting NMR powder pattern represents a sum of the different orientations of the structural
element under investigation. In the case of fast isotropic motion only di. is detected, as the an-
gle-dependent contributions are averaged. In order to obtain a field-independent isotropic
chemical shift §cs = -0, the respective resonance frequency v, is related to a reference sub-

stance with the frequency Vs

bcs = yisoy—_ Dt -10° [PPm] (2.40)

ref

Dipolar interactions

Due to their magnetic moment, nuclear spin generate a magnetic field and interact with each
other; this is referred to as direct dipolar coupling or dipole-dipole coupling. Note that indirect
dipole-dipole coupling (scalar (J-) coupling), which is mediated through electrons but negligi-
ble in the case of solids. Dipolar coupling in solution is averaged due to molecular tumbling. In

solid-state spectra, on the other hand, it is a major source for the broadening of the resonance

*In general, for all internal interactions described here, only the secular part of the corresponding Hamiltonian
suffices to describe the interaction given that the external interaction, i.e., Zeeman-interaction H , is much larger

than the internal one.

-20-



2.3 Solid-State Nuclear Magnetic Resonance

line and relaxation processes. The interaction energy of two point-magnetic dipoles y; and y,,

separated by the internuclear distance r is:

U:{M1M2_3(u1-r)(ﬂz-r)}& (2.41)

r 7 47

with r denoting the vector between the point-magnetic dipoles and i as the vacuum permea-
bility. From a quantum mechanical point of view the magnetic moment operator of the spin I is
given by the relation g=~I . Therefore the interaction Hamiltonian for dipolar coupling be-

tween two spins i and j is obtained as follows:

H, = 5; ’Yrj ( i _3[ e, Ie,.}.)}) (2.42)

With respect to equation (2.42) r; denotes the distance and e; represents the unit vector be-
tween both spins. By expanding the scalar products equation (2.42) can be expressed with the
help of polar coordinates [29]:

H, = f;vr: (A+B+C+D+E+F) (2.43)
where:

A:IA.ZIA?(I—3COSZQJ.),

B——i(ﬁl +I717)(1-3c0576, ),

3 A /\z /\ZA . _i(px}
C= —E(I:rlj +1I I; )sm@ij cosbe 7,

3 i (2.44)

D:_E(I;Ij+1;1;)sin0i,.cose,.}.e
3.,s 24,
E=—21'*sin*0.¢ *%,
4 i 7j ij

F= —EIA.*IA.* sin?@ "%
40 ij

1
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fI}.) and ff(j) are the respective raising and lowering operators for spins i and j. In fact, the
terms C to F can be neglected [29] and therefore the secular Hamiltonian takes the following

form, depending on the nature of the dipolar interaction, i.e., homonuclear (y: =y, =71),

= ==L 311 3co'6,) (24)
ij

or heteronuclear (7; # 7;), where only the term A contributes [29]:

D
41 1}

i

Fhetero _ H 0 IfI]Z (1—3cos’ 0,) (2.46)

Due to the strong dependence on nuclear spin distance (ocr; ) dipolar coupling usually needs

to be considered for the spins in the nearest neighborhood.

Quadrupolar Coupling

All nuclei with a spin I > 1 are quadrupolar, i.e. they possess a quadrupole moment eQ with e
being the proton charge. This quadrupole moment is independent of the chemical environment
of the respective nucleus and constant for each type of nucleus. The quadrupolar coupling aris-
es from the interaction with an electric field gradient (EFG) at the nuclear site. Such an electric
field gradient arises at sites with non-cubic symmetry and is influenced by local distribution of
other nuclei and electrons, i.e. the electronic charge distribution around the nucleus differs from
spherical symmetry and takes an ellipsoid form. Thus, the nucleus does not only interact with
the applied magnetic field and local magnetic fields, but with any EFG present at this site. As a
result the Zeeman levels are shifted. Similarly to the other nuclear interactions as described
above the quadrupolar interaction Hamiltonian is given as:

A ——Q jy.i (2.47)

C 20(21-1)h
V represents the traceless EFG tensor®, which allows the description of the field gradient via two
parameters: the quadrupole coupling constant Cq and the asymmetry parameter #q. These pa-
rameters can be calculated using the diagonal entries of the EFG tensor expressed in its princi-

pal axis frame, viz. Vxx, Vyy, Vzz.

5 traceless: sum of the matrix main diagonal equals zero, i.e,, Vyx + Vyy + Vzz = 0.
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¢’qQ
Co= qﬁ with eq=V,, (2.48)
Ve =V,
o =t (249)

If the Zeeman interaction outweighs the quadrupolar contribution, i.e. ||ﬁz||>> "HQ " or rather
w, > w, , also only the secular part of the Hamilton operator is required to calculate the quad-
rupole coupling. The polar coordinates 6 and ¢ describe the orientation of the EFG with re-

spect to the external magnetic field.

C . A
Ho = g Pl 17 )(3cos” 01411 sin 6cos20) (250)

The energy by which the Zeeman levels are shifted can be determined with the help of the time-

independent Schrodinger equation.

E} :hﬁ(?ﬂnf —I(I+1))f(6,9) (2.51)
Here, the angular dependence is given by the relation f(6,¢))=3cos’§ —1—7sin’ fcos2¢ .
Nuclei with an integer spin number give spectra composed solely of satellite transitions, where-
as in the case of half-integer spins (e.g., I = 3/2) a central line is obtained, flanked symmetrically
by the satellite transitions. For half integer spins the transition frequency for the transition
m=+1/2——1/2 (central transiton) remains unaffected by quadrupolar anisotropy to first
order, while transition frequencies for m=+3/2—+41/2 and m=—1/2——3/2 (satellite
transitions) are raised or lowered by the quadrupole frequency wq. The satellite transitions are

removed differ from the Larmor frequency by the quadruopole splitting:

3¢q9Q

W, :m(@coszﬁ—l)—i—nQ sin” 0 cos2¢) (2.52)

So for non-integer spins we observe one central line and 2I — 1 satellite resonances. In solid
powders a distribution of EFG can be found due to the random orientation of the crystallites,
resulting in a quadrupole powder pattern as shown in the example spectrum depicted in Figure
4. As the satellites are removed from the central transition wq can be directly read out from the
spectrum with Cq = 2wq, Satellites under the influences of an asymmetric EFG tend to smear

out, as can be seen on the righthand side of Figure 4. However, note that these equations are
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A,  H,+H,
m=+3/2 T n=03

1 . 1 ST
m=+1/2 —

0T 1 cT
m=-1/2 —
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‘ T T T T T T
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Figure 4: left: Energy level splitting with and without the influence of quadrupole interaction for a spin-3/2
nucleus. right: simulations of the corresponding static powder spectra (I =3/2) for a symmetric (= 0) and
asymmetric EFG (0 <7 <1). (Adapted from reference [11]).

only suitable if the quadrupole coupling is weak compared to the Zeeman interaction. For nu-
clei with large quadrupole coupling moments and low symmetry of the electronic environment
the calculation via the secular part of the Hamiltonian is inadequate; as a matter of fact an angu-
lar dependence is also given for the central transition.

The magnitude of the quadrupolar interaction can also significantly contribute to nuclear re-
laxation processes, in addition to dipolar coupling, as mentioned above. Also, if the sample is
rotated with respect to the magnetic field the orientation-dependent quadrupolar interaction

changes. This is feature is useful in magic-angle spinning (MAS) NMR.
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2.3.2 High-Resolution Magic-Angle Spinning NMR

Nuclear spin interactions affect solid-state NMR, as they are all orientation-dependent, i.e. ani-
sotropic. In particular for solid powder samples, which can be described as crystallites with ran-
dom orientations, this results in many different molecular orientations, or rather frequencies.
Because of that, we obtain so called powder patterns. For many crystallite orientations, howev-
er, these powder patterns do overlap and are additionally broadened by dipolar coupling of the
spins. In the liquid state, anisotropic interactions as chemical shift anisotropy, dipole or quad-
rupole coupling are barely observed due to fast isotropic tumbling of the molecules. In other
words: the rate of the orientation change exceeds the magnitude of these spin interactions. For
solid samples, the application of magic-angle spinning (MAS) NMR provides the necessary
means to average anisotropic parts of the interaction. This chapter describes how high-
resolution NMR spectra can be achieved with this technique, hereby revealing structural or
dynamical information on the material under investigation. For further reading on the theoreti-
cal background of the MAS technique see references [31,32,37], which were extremely useful in
the conceptualization of the following section.

Historically, MAS NMR is one of the first techniques for narrowing dipolarly broadened
lines but it can also eliminate chemical shift anisotropies and first order quadrupolar splitting®.
All the (interaction) operators introduced above contain an angular-dependent factor
(1—3cos”0), with the angle 6 describing the orientation of the spin interaction tensor. In a
powder sample the orientation of 6 takes all possible values. If the sample is spun around an axis
which is inclined to the applied field Byunder a certain angle 0, the molecular orientation varies
with time. This powder-averaged orientation dependence (as indicated by the brackets <> ) is

given as:
<1—3‘>cos2 (9>:%<1—3cos2 (9l{)<1—3cos2 ﬁ) (2.53)
with 3 as the angle between the principal z-axis of the shielding tensor and the rotation axis of

the sample (cf. Figure XX). By choosing 0x = 54.74° the condition 1—3cos” §, =0 is satisfied and

the orientation dependence equals zero. Further, a sufficient magnitude of the spinning rate has

¢ The molecular orientation dependence is influenced by second-rank rotation matrix terms of the quadrupole
coupling tensor, leading to a removal of the first-order quadrupolar interaction through MAS, whereas the second-
order effects depend on the second- and fourth-rank rotation matrices and are not averaged here. For a more

detailed description see [31].
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to be provided so that all orientations are averaged rapidly compared with the interaction ani-
sotropy. If the spinning rate is too slow we can observe so-called spinning sidebands in addition
to the isotropic chemical shift. These sharp sidebands appear to the left and right side of the
isotropic line, separated by a distance equal to the spinning rate. Note that the isotropic line is
not necessarily the most intense spectral line, but the only one that does not change position
with the spinning rate. Nowadays spinning rates up to 50 kHz can be achieved in small rotors
with diameters of 1.2 mm, but usually by spinning the sample at 30 kHz only few sidebands are
obtained. However, for nuclei with a large CSA, i.e., with a large number of electrons such as
195Pt, 207Pb ''7!"Sn, we see many spinning sidebands. As the CSA is proportional to the magnet-
ic field strength it gets worse at higher fields. As mentioned above, magic-angle spinning only
averages the first order quadrupole broadening of satellite transitions, and in most cases the
spinning cannot be fast enough to achieve full averaging, resulting in an array of sidebands. But
in fact, we can analyze the spinning bands to extract interaction parameters that are otherwise
masked if only the isotropic line is obtained at high spinning rates. The expected spectrum is
calculated with different values for anisotropy and asymmetry values and compared with the
experimental pattern until it agrees. Note, that if the spinning speed is not large enough to aver-
age the dipolar coupling between nuclei additional sidebands appear. Consequently, this leads

to an inaccurate fitting, and thus, erroneous determination of CSA.

5§

principal z-axis of shielding
tensor

spinning axis

Figure S: Principle of magic-angle-spinning: If the sample is spun rapidly about an axis inclined about the
angle Og = 54.74° to the applied static field By the effects of chemical shielding and heteronuclear dipolar
coupling are removed. (0 and 3 denote the angle between the principal z-axis of the tensor with By and the
spinning axis, respectively. Here, the ellipsoid shielding tensor represents a randomly oriented molecule in a

powder sample.) Adapted from reference [31].
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Concerning the quadrupolar interaction, first-order effects are averaged to zero through spin-
ning for the central transition. However, second and higher-order effects are not fully averaged
by MAS NMR and an anisotropic pattern remains.

Nonetheless, MAS NMR can be used to investigate the structural features and the environ-
ment of the nucleus, as it enhances the signal resolution of magnetically inequivalent nuclear
sites that only differ minimally by their chemical shift. With the help of advanced pulse se-
quences we can selectively induce or suppress interactions between the nuclei under investiga-

tion.

Two-Dimensional NMR (following reference [37])

The development of 2D NMR techniques has made structure determination much easier, and
thus allows more complex problems to be resolved. Where in conventional 1D NMR spectra
we find the intensity plotted versus the frequency domain, 2D spectra entail intensities versus
two frequency domains, i.e., that each peak has one intensity and two frequency coordinates.
Generally speaking, in most types of experiments the positions of these peaks show a correla-
tion between two quantities. Hereby, it can be distinguished between 2D experiments whether
the transfer of magnetization occurs through scalar coupling or through relaxation processes,
e.g, such as the Nuclear Overhauser Effect (NOE) or cross-correlation and, and for studying dy-
namics, the transfer through chemical exchange. During the preparation period (also: evolution
period) the equilibrium magnetization is transformed into a type of coherence’ that evolves dur-
ing the variable preparation time ¢, (also referred to as evolution time). Preparation might occur
through a simple 90° pulse (; = 7/2 ) inducing transverse magnetization (single-quantum
coherence) or through a more complex series of pulses and delays, which for example, create
so-called multiple-quantum coherences or generate the transfer of magnetization from another
type of nucleus (INEPT-style) [37]. The preparation time is varied systematically in a series of
experiments without observing the evolving coherences. In the next step the coherence is trans-

ferred into an observable signal during the mixing time t., involving the transfer of magnetiza-

7 Coherence is the reason for the generation of transverse magnetization of the spins. At equilibrium we observe
no (bulk) magnetization in x- and y-direction, thus the z-magnetization can be regarded as a polarization along the
z-axis. Due to the interaction with an RF pulse the polarization along z is rotated to the y-direction and the coher-
ence in the sample is simply generated by all the spins experiencing the same RF field. Sometimes the term coher-
ence is used in the sense of an “alignment of spins.” However, the pulse does not create an alignment or alter the

phases of the spins; it just rotates the polarization of the z-magnetization to another direction.
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tion from one spin to the other. Here, the form of the mixing time determines the type of exper-

iment. This experiment is concluded by the detection period t,.

MQ-MAS NMR

High resolution NMR experiments for spin numbers I >1/2, i.e., on nuclei with a quadrupole
moment, require elaborate techniques where second and higher-order quadrupolar effects can
be eliminated. Besides double rotation (DOR) and dynamic-angle spinning (DAS), the multi-
ple-quantum magic-angle spinning (MQ-MAS) NMR experiment proves to be a feasible tech-
nique to increase the resolution of quadrupolar spectra and enables the detection of previously
unseen structural species. This is especially significant for NMR studies on disordered materi-
als, i.e., glasses [38]. In the following, a brief description is given only for MQ-MAS NMR which
has been applied in our studies on Al- and Ga-containing solid electrolytes. For a more com-
prehensive description see references [31,39-45]. Developed by Frydman and Harwood in
1995 [39,41], this method has become the primary technique for the study of half-integer
quadrupolar nuclei for major reasons. In contrast to DAS and DOR, MQ-MAS experiments can
be achieved with ordinary MAS probeheads and are easier to implement as the sample spins at
just one angle throughout the experiment. The DOR technique averages the (second-order)
quadrupolar broadening through rotating the sample around two axes, while during DAS exper-
iments the rotating angle is changed, which both involves a lot of experimental effort. In the
MQ-MAS experiment the sample is spun at the (fixed) magic-angle through the whole experi-
ment in order to remove the effects of first-order quadrupolar coupling as well as other first-
order effects like dipolar or chemical shift anisotropies. The spins evolve during two periods of
time t, and t, under the influence of two different transition orders m, and m,. During the first
pulse multiple quantum coherences are formed. The choice of this order m, depends on the
spin number I (for I = 3/2 only m; = 3/2 is available; for I = 5/2 m; < §/2, etc.) The order of the
coherence that evolves during t; is changed to a single-quantum coherence (m, = %2) and an
echo is recorded in t,. Second-order driven anisotropies are refocused at times fulfilling the
condition:

~Jeim)
t, _{m t (2.54)
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with
C}(m)=2m[181(I+1)—34m’ —$ (2.55)

Consequently, in a 2D representation of , versus t; we find the signal intensities on a straight
line with the slope 42/54 for m, = 3/2.

Via Fourier transformation of the time-domain data followed by a shearing transformation
yields a representation with 21 (1Q domain) containing the distorted MAS line shape and v,
describing the isotropic dimension where the signals are highly resolved and electrically in-

equivalent sites can be distinguished.

Chemical Exchange as Seen via 2D Exchange and 1D Selective Inversion NMR

As the study of chemical exchange in NMR is an exhaustive topic, a comprehensive description
would go beyond the scope of this introduction; it is only briefly discussed in the context of the
NMR techniques used in the framework of this thesis. The reader is referred to the following
references: [37,46,47].

When we look for evidence of exchange we will see that the NMR spectrum depends on the
exchange rate constant and the frequency difference of the two observed environments. Fast
exchange means that the rate constant is larger than the frequency separation of the NMR
peaks, and accordingly for slow exchange the rate is much smaller than the frequency differ-
ence. Let us consider the case of exchange between site A and B: With no exchange present one
peak shows at the position of A and one at the position of B, well separated and both of same
intensity, given that both sites are equally populated. As the exchange rate ke increases, the
peak intensity decreases, and line broadening sets in before the signals finally overlap and a
single merged peak evolves. The position of this coalescence peak always depends on the popula-
tion of the sites involved. With A and B having equal populations the shift of the merged line
can be found in the middle between A and B. In the limit of fast exchange, where the rate con-
stant is much larger than the frequency separation, the line narrows again and has the same
width as in the absence of exchange. This phenomenon is called exchange narrowing, whereas
exchange broadening describes the increase of the linewidth due to slow exchange. Note that the
line broadening can be additionally influenced by magnetic field inhomogeneities and other
mechanisms. Thus, instead of estimating the exchange rate solely from the line broadening,
measuring the effects of chemical exchange on the spin-lattice relaxation rate provides a better

access to the rate constant. If we invert the magnetization of the spin through a 180° RF pulse, it
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relaxes back to equilibrium via the relaxation mechanisms as described above (see section

2.3.1.1). For a two-site system the spin may undergo a site exchange during relaxation.

2D Exchange NMR

The 2D exchange spectroscopy technique (EXSY)[46,47] is widely used to study slow chemical
exchange. In principle, the pulse sequence is the same as in the NOESY (Nuclear Overhauser
Effect Spectroscopy) experiment that takes advantage of the dipolar relaxation between spins.
(See, e.g., p- 33 in Ref. [47]) After the first 7/2-pulse the magnetization evolves in the trans-
verse x ',y'-plane during t,. Here, the initial conditions are frequency-labelled in order to get a
correlation between the initial conditions and the observed signal. This means that the relaxa-
tion rate of one site depends on the initial state of the other site (as a function of the evolution
time t,). The second 7/2-pulse tips the magnetization into the —z-direction allowing the system
to relax during the mixing time t,via exchange and longitudinal relaxation before the signal is
made observable through a third non-selective 7/2-pulse. A 2D-Fourier transformation yields a
spectrum with cross-peaks revealing exchange (during £.) between the respective sites that are
involved, with the main intensities of the 1D spectrum along the diagonal. For a two-site jump
process we can determine an actual exchange rate 7., from the ratio between the intensities of

the cross-peak and the diagonal-peak:

1- exp[—t—m]
Tex

With I and I as the respective diagonal and cross-peak intensities. Another, however, time-

C

, OF T = m (256)
In

d

consuming way is measuring the cross-peak intensities in a series of experiments with different
mixing times [48,49]. The slope of the resulting line directly represents the exchange rate. The
rate constant can be directly transformed into a Li self-diffusion coefficient using the Einstein-
Smoluchowski relation (cf. equation(2.9)). Note that other correlation effects, like the NOE,
also lead to appearance of cross-peaks. The NOE is caused by dipolar cross-relaxation between
spatially close nuclei. In order to suppress cross-relaxation in favor of exchange, the nuclei spe-
cies under investigation has to be present in a diluted form, i.e. with its neighbor far away. In the
case of °Li the NOE is usually not a problem, due to the low natural abundance of this isotope.
Otherwise, unwanted effects contributing to off-diagonal intensities can be eliminated through

appropriate phase cycling.
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1D Selective Inversion NMR

Although 2D EXSY draws a comprehensive picture of distinct chemical exchange processes,
quantitative analysis often requires significant amount of spectrometer time in order to extract
information on the timescales and energy barriers of slow exchange processes. 1D selective
inversion NMR experiments have been found to show a more efficient way of quantifying ex-
change in two- and multisite systems [50-54] by considering the complete course of exchange
and relaxation. Following the selective inversion of the magnetization of a single spin, its relaxa-
tion towards equilibrium, i.e. via spin-lattice relaxation and exchange, is monitored over a series

of mixing times in one experiment.

a)
selective
inversion B
mn/2 /
A
= 1/2Bv,g] m|X|ng perlod
= t=t, t c
b)
selective B
inversion /2
A
mixing period FID \/
tm
f > T T T 1
t=0 t=t, t 8/ ppm

Figure 6: a) illustrates the schematic pulse sequence for a 1D EXSY experiment .This technique cannot be
extended beyond a 2-site, 1-exchange process system. b) Selective inversion with a Gaussian-shaped (180°)
pulse can be applied for the selective excitation of one site undergoing multiple exchange processes. Corre-

sponding 1D inversion spectra are shown on the right.
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The pulse sequence follows the scheme of Figure 6 where the first /2-pulse is on-resonance
with one site of the exchange pair and brings both into the transverse plane. Here the time peri-
od tis set to 1/2Av,,, where v is the frequency difference of the exchange pair A and B under
the condition of no exchange. As a result the off-resonance spins will precess to the opposite
side of the x"y’-plane, creating a maximum difference of magnetization. The second pulse trans-
fers the on-resonance spin selectively onto the —z-direction whereas the exchange partner is
placed along the +z-direction. Experiments are carried out as a function of the mixing time, with
the longest t., ensuring full relaxation of the inverted spin.® As the evolution time depends on
the spectral distance between the two spins involved, the 1D EXSY technique is sensitive to the
single exchange process taking place between two sites.[50,51] For studying more complex
system, involving multiple ion exchanges selective inversion experiments using shaped pulses
were successfully applied both in liquid [$4-57] and solid systems [5S0-53,58] The 90° - t; - 90°
sequence is replaced with a 180° - £, - 90° sequence, where the first pulse is applied in the form
of a soft Gaussian-shaped pulse [48,55] with ., denoting the mixing time which is stepped over
a series of experiments (Figure 6). Here, tuning the bandwidth of the pulse to selectively excite
the inversion of only one spin and monitor the relaxation back towards equilibrium for more
(than one) non-inverted spins, provided a sufficient resolution in the 1D MAS spectrum exists
[55]. Increase of the transient well depth, e.g. with increasing temperature, can be traced back to
an increase of the exchange rate. The temperature-dependence of the rates further allows the
calculation of energy barriers for the hopping process [50-53,58]. More information on this
technique, in particular for the mathematical deconvolution of the selective inversion spectra,

see references [46,54].

2.3.3 NMR Relaxation and Diffusion

During the NMR experiment the thermal equilibrium of a spin system can be disturbed by res-
onant RF pulses altering the population of the Zeeman states. The relaxation of the system back
to thermal equilibrium is mediated by temporal fluctuations of local fields. These temporal
fluctuations can be due to interactions of the spins with the “lattice”, i.e. their surroundings, viz.
conducting electrons (in metals), electrons of their nearest neighbors, as well as phonons or

localized fluctuations induced by paramagnetic centra, or localized motional processes. Diffu-

® In order to determine a suitable range for t.,, ensuring full longitudinal relaxation, 1/ T}, the corresponding rate
constant is determined in a second, non-selective inversion recovery experiment. Strictly speaking, the value for
the rate constant is influenced by exchange, but it suffices for the evaluation of the selective inversion data.
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sion-induced spin-lattice relaxation is, however, caused by dipolar and quadrupolar interactions
of spins with neighboring spins with electric field gradients. If the jump rate of the nuclei is in
the order of the Larmor frequency, transitions between the Zeeman levels can be induced effec-
tively. Thus, the nuclear magnetic relaxation rate can be used to characterize diffusion processes
in solids.

Referring to the orientation of the external magnetic field we can distinguish between two
different relaxation processes: longitudinal relaxation or spin-lattice relaxation with the character-
istic time T, occuring in the direction of the applied field, and relaxation perpendicular to the
field, i.e. transversal or spin-spin relaxation expressed via the relaxation time T>.

Relaxation and Spectral Density Functions
Relaxation processes can ultimately be described via spectral density functions J(w). The spectral
density function is the Fourier transform of the autocorrelation function G(t) describing an en-

semble average of the transitions between the spin states |i) and |).

G, ()= (il H, (t— )| ) (il H, (£)]1) (2.57)

H, denotes the perturbation Hamiltonian characteristic for the interaction, i.e. with fluctuations
induced by (direct) dipole-dipole coupling and, for spins with I > 1, with electric field gradients.
The autocorrelation function is a measure of the correlation of the local field at the time 7 with
the field at 7 = 0. The mean time between these (transition inducing) fluctuations is quantified

by the correlation time 7.. Consequently the spectral density function ] is given as:

J, (@)= [ G, (r)exp(~iwr)dr (2.58)

The spectral density is related to the spin-lattice relaxation rate via 1/T; o J(w,), which means
that the relaxation is induced at w = wo. Thus, in the case of longitudinal relaxation in the labora-

tory frame the relaxation rates can be calculated as [28,29].

) 3
Lp =R, =711 +1)[J5 (wo)+ 75 (20, (2.59)
. 9 P2I+3
Bla =Rio =13 [e}%] 21_1[ & (o) +7¢ (2] (2.60)
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The spectral densities J©@ describe the spin transitions with Am = £ g, where g denotes the
change in total angular momentum, hereby describing single or multiple quantum transitions.
For nuclei with I > Y4 quadrupolar relaxation is more effectively induced than dipolar. Here, eQ
denotes the electric quadrupole moment. Generally, both contributions add to a total relaxa-

tion rate. Similarly to R, the spin-spin relaxation rates R, = 1/T) are given as:

Tz,g:%‘*m(wl)[ (0)+1075 (wy )+ I8 (2, )] (2.61)
T,a =R, 4 = 128[67(12][(0)( )4+10J (w, )+ 12 (2w )] (2.62)

Note, that these descriptions for R; are only adequate in the so-called motional narrowing regime
(see below for further information). In this regime, the jump rate is in the order of the inverse
spin-spin relaxation rates. This means that different local fields are averaged due to diffusive

motion of the spins. In the rigid-lattice regime, where | ©7 >1 we obtain a constant Ry:
R, =R, =,/(Aw’) (2.63)

with <Aw2> describing the second moment [24,29,31].

Relaxation in the Rotating Frame of Reference

Spin-locking NMR provides the necessary means to record ionic motion which is too slow to
be captured by conventional spin-lattice relaxation measurement with jump rates on the MHz
scale, but rather by spectral density functions in the kHz range [ 59-61]. The static external field
By is formally replaced by a weak locking field Bi, which is in the order of about 10* T [11].
During the locking pulse the magnetization is polarized along B in the x ’,y’-plane of the rotat-
ing frame. The magnetization M, is therefore locked to the axis of the applied pulse; its decay is
characterized by the spin-lattice relaxation rate R, [59,62]. The expression takes the form[63]:

T;D_RIPD:EW%ZI(I—I—I)[ 9 (2w, )+10J5 (w, )+ I (2w,)] (2.64)
- _ 9 () 21+3; (5 0 @
Toa = ,Q—64O[h] R (2w 1019 (@) 11 (2)] (269)

with w; = 9B, as the locking frequency.
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BPP-Model for Isotropic Three-Dimensional Diffusion

Spectral densities are obtained when the time-dependence of the correlation function is known.
It can be determined with the help of suitable models, such as the one proposed by Bloem-
bergen, Purcell and Pound [64]. This phenomenological model describes uncorrelated jump

diffusion via a single exponential decay of the correlation function:
G (7)=G" (0)exp(—t|/7.) (2.66)

Thus the corresponding spectral density functions can be described by Lorentzian-shaped

functions of the form.

@ () =Gl _ 2T
J¥(1)=G"(0) o) (2.67)

SLR becomes effective when J(w) has contributions at the resonance frequency wo. Assuming
an isotropic distribution of the spins we obtain the following ratio of the autocorrelation func-
tions: G(0) : GV(0) : GP(0) =6 : 1 : 4. The spin-lattice relaxation rates in the laboratory and

rotating frame of reference can be written as:

R, =C/[]J" (w,)+4J (2w,)], (2.68)
R, =C;[6]"(0)+10]" (w, )+ 4] (2w, )], (2.69)
R, =C},[6]" (2w,)+10] (w, ) +4]" (2w,)| (2.70)

Combination of equation (2.67) with (2.68)-(2.70), and conflating all the respective prefactors
C.’into C, (n=1,2,p) via the relation C, = 2G"(0)C,’ yields the following expressions:

T 4T

R =C = + = , 2.71
: ' 1+(w07'c>2 1—|—(2w07c)2 ( )
R,=C,6r, 4+ — e 4T | (2.72)

1+<w07—c> 1+(2w07—c>

6T 107 4T
= < —+ = 2.73
P w) 14 () 14 (2w ) 273)
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The correlation time 7. is of the same order of magnitude as the mean residence time of the
diffusing atom, i.e. the time between two successive jumps [65]. Its temperature dependence is

given as:

-1 _ -1
T. =T,, €Xp

C

_EA
kT |

B

(2.74)

7, describes the pre-exponential factor, ks Boltzmann’s constant and Ex denotes the activa-
tion energy of the diffusion process. At a given Larmor frequency wy the relaxation rate increas-
es with temperature and reaches a maximum value at T, as shown in Figure 7. In this figure the
relationship of the relaxation rate with the temperature T and frequency is illustrated for Ry, R,

and Ry, In the so-called low-T limit, where w,7 >>1 holds, we observe a proportionality of
R, 7. 'w,? for w,m.>1, (2.75)

whereas at T > T (high-T limit), i.e. where the correlation rate is much greater than the Lar-
mor frequencyw,7. <1, R, is independent of the frequency, as illustrated in Figure 7 for differ-
ent frequencies wo(1) > wo(2) > wo(3).

R T, for w,7. K1 (276)

At the rate maximum (T = Thms) the atomic jump rate is in the order of the resonance frequen-

cy.’
w,T. ~1 (2.77)

In an Arrhenius representation the slopes of the flanks left and right to the rate maximum pro-

vide a direct access to the activation energy of diffusion process (cf. Figure7).

? In fact woT. = 0.62, taking the complete expression of equation (2.71). wot. = 1 is valid if only the first summand is
considered.
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Figure 7: left: Temperature-dependence of the spin-lattice and spin-spin relaxation rates Ri, R, and
R;jalong with the frequency dependence of R, and Ry, in the low-T limit “oT. " If the resonance

frequency w is lowered the rate maximum shifts towards lower temperatures. (EN: extreme narrowing;
MN: motional narrowing and RL: rigid lattice describe the regimes of the narrowing of the spectral line
width. Right: Deviations from uncorrelated, 3D BPP-type behavior decrease the slope of the rate peak: for
2D motion in the high-T limit, for the influence of structural disorder and correlation effects at T < Trax.

(Taken and adapted from references [25,33].)

The same behavior is seen for the rates in the rotating frame of reference. Using locking fre-
quencies in the order of kHz the corresponding rate peak is shifted towards lower temperatures.
Compared to R, diffusion processes are probed on a much longer time (and length) scale. Ac-
cording to equation (2.73) the maximum condition in the rotating frame of reference is fulfilled
atwiT.=0.5.

As already stated above, we see a linear progression for R, only in the motional narrowing
regime, whereas for higher temperatures 7. the rates are limited by the NMR linewidth. (cf.
equation(2.63).) The expression for R, as shown in equation (2.69) is valid only in the case of
extreme motional narrowing.

However, NMR experiments capture a more complex dynamical behavior resulting in an
asymmetric rate peak, where the high-T and low-T flank of the rate peak yield Ex nigh. # Ea tow-1-
This behavior is often seen for structurally disordered materials, such as glasses. Here, the in-
terplay of amorphous and defect-rich structures leads to ion dynamics that cannot be described

as isotropic and random. But also in structurally ordered materials correlation effects lead to
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asymmetric rate peaks [66]. In this case a modified BPP-model can be employed to account for
the influence of correlated jump diffusion.

2T,

J(w) :G(O)m

(2.78)

In the ideal case the correlation parameter 3 equals 2 whereas a distribution of jump correlation

times leads to 1 < 3 < 2. Accordingly the expression for R, can be rewritten as:

T 4T
R =C < 4 e 2.79
o (wr) 142w, (279)

While the high-T limit is not influenced by the correlation parameter, the slope and frequency
dependence of the low-T flank is altered:

R, T, for w,T, K1, (2.80)
R, o< Pw,? for w,T.>1 (2.81)

As already mentioned above the alteration of the slope leads to two different activation ener-

gies:
Eyour = (ﬁ - 1) E, high-T (2.82)

These different values can be interpreted in terms of the length scales of diffusion: The lower
activation energy is characteristic for short-range motion at low temperatures, while the high-T
flank for long-range dynamics. For anisotropic diffusion, the slopes in the limit w,7 <1 are
influenced by dimensionality effects in a characteristic way. Spatially confined motion, viz. 1D
and 2D diffusion, leads to a smaller slope of the high-T flank than that predicted for isotropic
diffusion. Further, the spin-lattice relaxation rates depend on the magnetic field, or rather the

frequency w.

Semi-empirical Model of Richards for Two-Dimensional Diffusion
For layer-structured materials we can often find ionic motion confined to two dimensions
which results in the divergence of the spectral densities for w7, — 0. As the low-T limit of the

relaxation rate peak describes ionic motion on a short length scale, the spatial dimension has
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little influence on the rates, or rather spectral densities. However at temperatures T > Ty
which is characteristic for long-range motion, anisotropy effects influence the high-T flank of
the rate peak. According to Richards [67] it can be described as follows:

J°(w,m, )7, In(1/wr,) for wr, <1

(2.83)
7P (w,TC ) xT W’ for wr, >1.
Both expressions can be combined in the spectral density function:
2D 1
J*P (w,r,)ox7, In|1+—|, (2.84)
wr,)

and consequently, with the expression for the spin-lattice relaxation rates in the laboratory and

rotating frame of reference:

1 1
R =C°|7.In|1+ —|+47 In|1+—— (2.85)
W,T.) (ZwOTC)‘
2D 2D 1 1 1
R1P :CIP 67.In 1—|——ﬂ +107,In = |+47 In|——||. (2.86)
2w,T, W,T, <2w0TC>

The influence of correlation effects can again be accounted for by a correlation parameter (3
[36,68]. Overall, dimensionality affects the low-frequency limit (high-T limit), whereas the
high-frequency behavioris affected by correlation effects and structural disorder (cf. Figure 7).
Note, that the combination of both effects can result in a symmetric rate peak, and thus mimic
BPP-behavior. However, if R is measured at constant T as a function of the resonance frequen-
cy wo we can easily distinguish between isotropic and anisotropic motion through the frequen-

cy-dependence of R, in the high-T range.

NMR Diffusion Coefficient

Probing the relaxation rate peaks we can calculate a microscopic diffusion coefficient through
the maximum condition. Independent of the applied model the correlation rate is in the order
of the jump rate, i.e. 7' & wy in the laboratory frame and 7' & 2w in the rotating frame. Con-
sequently, the jump rates are transformed into the NMR self-diffusion coefficient Dxwr via the
Einstein-Smoluchowski relation (equation (2.9)).
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2.3.4 Stimulated-Echo NMR

As described in the sections above, diffusion parameters can be obtained from relaxometry
measurements in the laboratory and rotating frame of reference covering a jump rates in the
range of 10° — 10*s™! (see Figure 2). Jump rates can be directly accessed only via the rate maxi-
mum, whereas in the limits w,7 <1and w,7>>1 a suitable diffusion model is required. Also,
the slopes of the relaxation rate peak can be considerably influenced by correlation and the di-
mensionality of the motional process, which make it difficult to determine the “true” value of
the activation energy. Furthermore, the investigated sample can be the limiting factor: Usually
the SLR rate maxima can be probed at temperatures much larger than room temperature, also
in the rotating frame. In some cases often only part of the low-T flank is accessible which ex-
cludes the measurements of slow and ultraslow motion in the kHz and sub-Hz range. Apart
from the experimental limitations given by the standard NMR probeheads (450 K - 150 K),
temperature-sensitive samples might undergo structural changes such as phase transitions or
even crystallite growth due to temperature increase.

Here, stimulated-echo or spin-alignment echo (SAE) NMR is an alternative to relaxometry
measurements, as it provides a direct access to single-spin motional correlation functions. This
method was first applied by Spiess et al. [69,70] for the study of rotational and translational
motion of deuterons and then extended to study slow Li*, Be* or Ag* dynamics [71]. The SAE
technique takes advantage of the interaction of the quadrupolar moment of the nucleus with an
EFG: the site-specific quadrupole frequency is correlated at two different points of time; which,
if monitored as a function of time yield, ideally, Li jump rates as the echo amplitude is damped
due to diffusive motion. Thus, the ionic hopping between electrically inequivalent sites can be
used to extract Li jump rates, similarly to 1D and 2D exchange experiments [72-74]. The dy-
namics of this process can be captured by recording the decay of a spin-alignment echo with the

Jeener-Broekart pulse sequence [75]:
(ﬁl )@1 - tp - (52)@‘2 - tm - (53)@3 —t (287)

This sequence consists of three pulses with different pulse lengths (3 and ¢; which are separated
by the preparation (evolution) time £,and the mixing time t.. The quadrupolar spin-alignment

state is generated by the first two pulses containing the phase information, built during t,.

s Bl Hoty, B, 1 /3 . . . x
TwW—E\/;smﬁlsm2ﬁzsm(thP)Tm (2.88)
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with:
. 1 . . 1i.s
Hy =z and T, =ﬁ[311 —I(1+1)] (2.89)

T,, and T, denote spherical tensor operators, where the initial state (thermal equilibrium),
expressed as T, transforms into the quadrupolar state by the first two pulses of the Jeener-
Broekart sequence, with ‘qﬁl — ¢, =90°

obtained via first order perturbation theory. The aforementioned quadrupole frequency can be

H o is the corresponding quadrupolar Hamiltonian,
described as:
1
Wq /ZW:ZCQ <3c0529—1—77Q sinzﬁcos(Zgb)) (2.90)

taking the quadrupole coupling constant and the asymmetry parameter (cf. (2.48), (2.49))into
account. During the mixing time t,, the nucleus under investigation “visits” electrically inequiva-
lent sites and is thus marked with differing wq. Accordingly, the phase information is encoded
in the term sin(th , ) Further, a phase cycling is applied to the pulse sequence in order to elim-
inate unwanted coherences due to inaccurate pulse lengths and phases. After the mixing time ¢
the third pulse, i.e. a detection pulse, transforms the longitudinal phase information into the (x,

y)-plane, with the spin-echo showing up at t = £,.

1 /3 A Bsly.  Hot
5 sin 3, sin2 3, sin (wQ t, ) Ty —haseeyeiing

0 (2.91)
%sinﬁ1 sin2 3, sin2 3, sin(thP )sin(wqt)1¢3

The spin-echo amplitude is maximal if 51 = 90°, 5, = 3; = 45° and can described as the following

two-times hopping correlation function for a single spin. Again, the notation(...)is used to

mathematically describe a powder average.

S, (tp,tm,t):%<sin[wQ (0)t, Jsinfw, (tm)t]>. (2.92)

Here, the decay of the echo amplitude, reflecting the diffusive motion of the spins, should be
governed by quadrupolar relaxation. However, spin-spin and spin-lattice relaxation processes
have to be considered. The echo is damped by the simple exponential decay of R; and R, i.e. the

transversal decay during £, and the longitudinal decay of R, influencing the spin-alignment. At
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sufficiently low temperatures echoes can also be damped by the influence of spin-diffusion
[76,77].

2y

T.

2

S, (tp, t t) = 2—90<sin[wQ (O)tp }sin[wQ (tm )t]>exp

exp[—;—’”] (2.93)

1

The correlation function describing the quadrupolar decay can be usually described with a
stretched exponential with the stretching factor 0 < 7y < 1 yielding the respective SAE decay rate
1/Tsae. This rate is independent of the quadrupole frequency. As a result SAE time constants
are not influenced by the strength of the magnetic field.

SAE Correlation Function and Residual Correlation

The dynamics and timescale of motion is obtained by variation of t, at constant t,, yielding
spin-alignment echoes recorded at t = ¢, and directly accessing the correlation time 7. &~ Tsa.
Here, £, is chosen to be as small as possible, with t, — 0 in order to generate quadrupolar states
only. As can be seen in Figure 8, S, decays in two steps, with a plateau value of B in between.
While the first exponential decay is caused by the diffusive process, the remaining residual cor-
relation is reduced towards S, = So = 0 via a relaxation process. For the overall expression of

S2(tyy tmy t) it can be written:
S, (tp, t , t>: So + (Aexp(—(tm /T )M >—|— B)-exp(—(tm /T, )72 ) (2.94)

with the stretching factors 0 < 71, < 1. Equation (2.94) describes a stretched exponential decay
of S, with a residual correlation given as S = B/ (A + B) which is damped by the second term
exp[—(tm /T)" ] , representing either a relaxation process or another (isotropic) motional pro-
cess towards S, = So = 0. In the second case, where we observe exchange between (electrically)
equivalent positions or no exchange at all, the decay of S,is induced by spin-lattice relaxation.
The third example shows isotropic motion where S, is governed by the correlation part, with S,

=0for t, —o0.

42-



2.3 Solid-State Nuclear Magnetic Resonance

N no slow
\ Mmotion

Figure 8: S, (tm, t, t) transient for variable t, and fixed t,. B denotes residual correlation in the case of
anisotropic motion while for the isotropic case a single decay step towards 0 is observed. See text for further

information.

While the variation of t, gives access to the timescale and dynamics, the variation of t, provides
information on the geometry of diffusion. Through the oscillating term sin[wQ (t, = O)tp] the
sensitivity towards phase differences and wq can be enhanced for £, — 0. For £, — 0 the num-

ber of visited, i.e. electrically inequivalent sites, can be determined:

lim S, (t,)=1/N (295)

with S as the final state correlation factor which is related to the strength of the quadrupolar

coupling.( For more information see ref. [78].)

S, (tt,
S,(t,, t, —0,t,)

— 00, t,)

S.(t) (2.96)

Equation(2.95) is adequate for equal site populations where we have a limited amount of in-
equivalent sites, and thus, a limited amount of possibilities for the jumping nucleus. Otherwise
the relative site occupation has to be considered and S_ is constituted by the sum of the squares

of the corresponding weighting factors w; of the sites .



2.3 Solid-State Nuclear Magnetic Resonance

N
. _ 2
t}l_rgc S.(t,)= Zwi (2.97)

In the case of an inifinite number of electrically inequivalent sites, e.g. amorphous materials the

correlation function S, tends towards zero, and as a result the limiting value of S equals zero.

SAE Spectra and Dipolar Coupling

SAE spectra, which are obtained after Fourier-transformation of the echo (appearing at t = t,),
also contain the time constant 1/7sae. As a result we can also determine jump rates from the
decay of the quadrupolar satellite intensities as a function of the mixing time. Particularly, if wq
> wp'? sharp signals are obtained which allow for a separation of different satellite pairs, i.e. tran-
sitions with different wq [11,79]. In another approach, modulating the satellite intensities by
variation of t, enables the masking of satellite pairs. As a result, the selective recovery of the
satellite intensity during ¢, directly reflects the exchange rate.

Now, if we look at a spin system with two spins a and b we observe the influence of dipolar
coupling on the alignment experiment. Approximately, the dipole-dipole interaction only af-
fects the central transition [79]. As a result we see additional intensities in the SAE spectrum,
apart from those at +wg and +wy at

F(kwy, /2wy ) and =+ (kw, /Z—wg),

(2.98)

+(Swy, /2—wy ) and £ (Swy /Z—wg)(SwD /2—wg)
With the factor k = 1.3. In the case of wp= 0 the “pure” quadrupolar alignment spectrum is ob-
tained. However, even weak dipolar coupling leads to the appearance of a central line in the
spectrum. For a powder sample the following holds: by increasing ¢, the intensity of the “central
transitions” add up at w = wo, whereas the quadrupolar satellites spread over a broader frequen-
cy range, due to the angular dependence of the interaction itself. Also, under the influence of wp
= 0, the (quadrupolar) echo still appears at t = ¢, (see above) for the case wp < wq. Each
“pure” quadrupole signal amounts to 9/20 (0.45) of the total amplitude, while dipolar contri-
butions to less than 0.02 [35]. In analogy to the correlation function described in equation
(2.92) the dipolar correlation is given as:

1
!9 The dipole frequency is given as w,, = —Z—Oﬁ (v / r )5(3 cos’ @ —1) , for further explanation see equa-
T

tions(2.42) - (2.46).
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St t) o<<sin[ka (0)t, Jsin[kew, (tm)tPD (2.99)

If wp (0) = wp (fm)a time constant 1/7p can be extracted. Although the dipolar interaction of
spins a and b is coded in terms of a two-spins-correlation function it has been found that 1/7p is
in the same order as 1/7sag = 1/7q, by monitoring the intensities of the satellites and central
transition as a function of the mixing time [79].

It has been shown that separation of dipolar and quadrupolar contributions can be achieved
via so-called “cross-measurements” [35,71,79,80]. The echo amplitude is recorded as a func-
tion of the preparation time at fixed value of t,. Note that this is only possible fort  — 0, with-
out the influence of dynamics. In order to suppress dipolar contributions short preparation
times (¢, < 20 ps) have to be applied. The attempt to separate dipolar and quadrupolar contri-
butions of the spin-alignment echoes recorded for Li,SnOs is described in the form of a paper

manuscript (see section 3.2.1).



3. Results

The experimental work and results of all studies on Li ion conductors are presented in this
chapter in the following form: Most results exist as articles which were submitted to or pub-
lished in peer-reviewed journals (at the time being). The articles are organized and grouped in
relation to their contents, or rather, classes of materials, viz. layer-structured Li ion conductors
(section 3.1), ultraslow Li ion conductors (section 3.2) and garnet-type Li ion conductors (sec-
tion 3.3). Each section provides a brief introduction and background information, and contains,
in some cases, additional experimental results not included in the article.

At first studies on the layer-structured materials Lio;7SnS; and LiCsare presented: Paper 1
(P1) with the title “Diffusion-induced "Li NMR relaxation of layer-structured tin disulphide — Li
diffusion along the buried interfaces in Lioi;SnS,” presents a fundamental NMR study on the
characteristics of Li ion transport in chemically intercalated microcrystalline SnS,. These find-
ings are then discussed in the context of similar "Li NMR studies on a nanocrystalline and nano-
sized, defect-rich Li 1-SnS, in an additional subsection M1.

This is followed by P2 where we looked upon the elementary steps of Li hopping in the or-
dered graphite intercalation compound LiCg, taking advantage of microscopic and macroscopic
NMR techniques covering a broad Li hopping time scale. Using "Li SLR and SSR NMR tech-
niques, we were able to gain insight into Li self-diffusion at ambient conditions in the paper
“Lithium motion in the anode material LiCs as seen via time-domain "Li NMR”.

In section 3.2 an array of methods, nuclear and non-nuclear, are presented to measure diffu-
sion parameters in the ultraslow Li ion conductors Li,SnOs and LiAlO, using 1D and 2D NMR
techniques, conductivity spectroscopy and dynamical mechanical relaxation analysis (DMA).
Li exchange between the three distinct Li sites in the stannate Li,SnO; can be described with a
3-site, 2-exchange model for motion along the crystallographic c-axis. This is discussed in detail
in the manuscript “An unexpected pathway—°Li exchange NMR points to vacancy-driven out-of-
plane Li ion hopping in crystalline Li:SnO3.” (M2).
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Then, employing static ’Li spin-lattice relaxation measurements in combination with mixing
time-dependent spin-alignment echo NMR we can directly access dynamical parameters, viz.
mean Li jump rates, associated energy barriers along with the measurement of the Li self-
diffusion coefficient. At room temperature slow Li motion is characterized by D ~ 9 x 107
m’s™'. Along with these parameters SAE NMR also provides insights into dipolar and quadru-
polar contributions constituting the stimulated echo as a function of the evolution and mixing
time. The manuscript “Long-range Li* diffusion in Li,SnOs studied by two-time "Li spin-alignment
echo NMR in combination with "Li NMR relaxometry” (M3) corroborates the slow and hetero-
geneous dynamics as found via °Li exchange NMR in M2.

Another ultraslow Li ion conductor, LiAlO,, has already been the subject of earlier NMR
and impedance spectroscopic studies [81-83]. Here we report on the application of dynamic
mechanical analysis/spectroscopy on single-crystal lithium aluminate in comparison with high-
T conductivity measurements. The corresponding article is listed as “Mechanical detection of
ultraslow, Debye-like Li-ion motions in LiAlO, single crystals” (P3).

The last section contains the article “Site Occupation of Ga and Al in Stabilized Cubic Li;.
3y GazALLasZr,0;, Garnets as Deduced from *’Al and ?Ga MAS NMR at Ultrahigh Magnetic
fields”(P4). This contribution stands alone as it is rather focused on the study of the site prefer-
ence of Al and Ga in the mixed-doped solid electrolyte LLZO rather than on the quantification
of Li diffusion parameters. Still, new insights are given on the relation between site occupancy
and the resulting influence on Li diffusivity. Synthesis and characterization of the garnet sam-
ples via XRD diffraction was conducted by D. Rettenwander (University of Salzburg) while "Li
dynamics were investigated by W. Schmidt (Graz University of Technology).

In all our studies we mainly applied NMR spectroscopy as a universal method to character-
ize microscopic and macroscopic ionic motion and the influence of structural features on ion dy-
namics. Spin-lattice relaxation and stimulated-echo NMR were primarily used to look at the
self-diffusion parameters and dimensionality of Li ion motion. Furthermore, preferred diffusion
pathways of Li ions, or site occupation preferences can be investigated. Together with comple-
mentary non-nuclear measurement techniques, viz. conductivity and mechanical relaxation

measurements, dynamical parameters are probed on different length scales.
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3.1 Layer-structured Li Ion conductors[84]

Intercalation materials are a special class of solid ion conductors that are based on the reversible
insertion of a molecular or atomic species into a host-lattice, given that the structure of the host
material is preserved. Such materials have to provide an adequate free volume and appropriate
geometry to host the guest species, such as frameworks, layers, chains with cavities and channel-
like structures. Here, layer-stuctured materials are most common as the interlayer space can be
easily accessed by the mobile guest species. Types of materials that consist of a layered structure
are clays, transition metal oxides, chalcogenides and graphite.

Insertion by electrochemical electron transfer has received much attention for the design of
electrode material in secondary batteries. For application in batteries the intercalation reaction
has to be highly reversible and continuous over the whole composition range of the material.
Layered dichalcogenides, i.e. sulfides or selenides of Ti, Mo, W, Zr, Ta, Nb, V and Cr can dis-
solve alkali metal ions via insertion in between the chalcogenide layers. In particular, for lithi-
um-intercalated layered disulfides a high electrochemical activity and reversibility was found
[85], making them feasible to be used as electrodes in secondary batteries that exhibit both
ionic and electronic conductivity. The basic features of the insertion process are described for
TiS,, the most prominent representative of layered chalcogenide cathode materials. Basically,
the layers of the host material are bound by van- der- Waals forces, i.e., by induced electric di-
poles. In the hexagonal modification of TiS,, the tin layer is sandwiched between sulfur layers.
Hence, the shielded Ti atoms interact with the sulfur atoms of the next TiS,-sandwich. During
the intercalation of one Li ion into the van-der-Waals gap, Ti(IV+) is reduced to Ti(Ill+) in
order to preserve charge neutrality: xLi + TiS, = Li,TiS..

As a result of that, the weak van-der-Waals forces are replaced by coulombic interactions
along with an expansion of the lattice along the c-axis. The lattice expansion can be reversed
chemically or electrochemically. In the interlayer, Li can occupy octahedral and tetrahedral
interstitial sites. Occupation of octahedral sites is usually energetically more favored, reaching a
maximum occupation of one Li atom per formula unit, while the hexagonal phase persists over
the whole intercalation range. However, Li diffusion mechanisms also involve the interlayer
tetrahedral sites in their diffusion pathway[11].

This is where NMR comes into play. Layer-structured materials, such as TiS, and NbS, are
well studied by NMR [36,68,86-93] as they offer the possibility to study the effects of confined,
i.e. anisotropic ionic motion within the van- der- Waals gap. As described in section 2.3.3, the

diffusion-induced relaxation rate peak does not only entail dynamical parameters, i.e, Li ion
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jump rates and activation energies, but its shape is influenced by many factors such as correla-
tion effects, structural disorder, geometry of ionic jump process. In the case of a host lattice
which is composed of commensurate layers, the inserted Li ions are prone to preferably diffuse
in two-dimensions as diffusion perpendicular to the layers is energetically unfavorable. For 2D
diffusion the expression by Richards (cf. equation (2.83)) predicts a characteristic frequency-
dependence in the high-temperature limit. Thus, by repeating the NMR experiment at different
resonance frequencies, i.e., at different field strengths, 2D motion can be distinguished elegantly
from isotropic 3D motion. In practice, however, a complex behavior is found frequently, de-
pending on the sample history.

The amount and distribution of defects and vacancies, as a prerequisite for diffusion in the
ionic crystal, are strongly influenced by the synthesis condition and particle size. Nanomaterials
are a class of great interest in material research as optical and mechanical material properties, as
well as chemical reactivity, can be tuned via the particle size. Nanocrystalline materials can be
synthesized starting from their atomic or molecular building blocks via established gase phase
procedures or from the other extreme where a polycrystalline material is mechanically treated.
Established methods of the former type include chemical/physical vapor deposi-
tion/condensation (CVD, PVD, CVC) and condensation under inert gas where, in principle,
the material is evaporated and precipitated on a cooling finger and then compacted under high
pressure (up to S GPa)[25]. Starting from the polycrystalline side the grain size can be reduced
by high-energy ball milling, tuning the size through the duration of the milling process. Due to
the excessive impact force exerted a defect-rich atomic arrangement is obtained, particularly in
the form of grain boundaries.

Insertion materials are usually dominated by their ordered stacking of host and guest layers.
However, on a nanoscale level an assembly of randomly oriented crystallite grains and interfa-
cial regions is found. In order words, nanocrystalline materials combine the features of crystal-
line regions together with defective interfacial regions. For that reason, the ionic motion of
guest species in nanocrystalline insertion materials is predisposed to differ from its microcrystal-
line counterpart.

This interesting feature is studied via 'Li NMR spectroscopy in the next section for different
morphologies of lithium-intercalated SnS,. In the following section, the characteristics of Liion
transport in the van- der- Waals layers of microcrystalline Lio1,SnS; are discussed in P1. This is

followed by NMR studies on nanocrystalline Lio17SnS,, as prepared from a gas phase synthesis,



3.1 Layer-Structured Li Ion Conductors

and ball-milled, nano-sized Lio.1-SnS, prepared from its molecular constituents.! The results are
presented in a comparative form, in the context with the findings deduced from the study on
microcrystalline Lio17SnS,. The second subsection presents a fundamental Li diffusion study of
the graphite intercalation compound LiCs. More background information is provided at the

beginning of the section 3.1.2.

' Note that the different synthesis methods apply for the prepraration of the host material SnS,. The intercalated
form is obtained via chemical intercalation with n-Butyllithium in solution for all three samples. For further infor-

mation see P1 and M1.
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3.1.1 Lithium-Intercalated Tin Disulfide: Lio.17SnS»

Tin disulfide SnS, crystallizes in the hexagonal CdL-type lattice, in analogy to the aforemen-
tioned TiS.. The layers consist of SnS¢ octahedra with sulfur atoms above and below the planes
with an interlayer gap of about 3.6 A [94]. Different stacking periodicities result in a large num-
ber of polytypes. We find the basic types of hexagonal (2H, 4H) and rhombohedral symmetry
(18R) with the 2H- and 18R-type being the most common ones. Upon insertion Li can occupy
vacant lattice sites within the layer (intralayer) and in between the SnS; layers. For n units of
SnS, we find n octahedral (Oh1) and 2# tetrahedral (Td2) sites in the interlayer and 2 tetra-
hedral vacancies (Td1) in the intralayer. Insertion into the interlayer octahedral and tetrahedral
sites is favored over occupation of Td1 sites where the inserted Li is surrounded by four tin and
three sulfur atoms. Occupation of the interlayer octahedral vacancies seems most likely with the
neighboring Sn atoms far away [94,95].

Chemical insertion of Li into SnS, yields Li.SnS,, where the intercalation degree x can take
different values, e.g. x = 0.17, 0.49, 0.65, 1.22, without disrupting the host structure. If one lithi-
um atom is inserted per six tin atoms, i.e., Lio.17SnS,, preferred insertion should occur in the in-
terlayer only. Lithium insertion is mainly achieved via chemical or electrochemical insertion. In
the following studies Li was intercalated chemically with n-Butyllithium, as described in detail
in P1. Progress of the intercalation reaction can be monitored optically, as shown in Figure 9.

The amount of lithium ions inserted can considerably influence the ion dynamics, such as
diffusion mechanism, Li hopping rates, jump activation energies and dimensionality of diffu-
sion. For that reason we chose the lowest possible intercalation degree of x = 0.17 where Li only
occupies sites in the van-der-Waals gap, in order to look at diffusion in the ab-plane and rule out
intralayer hopping parallel to the c-axis. With the help of "Li spin-locking NMR, being sensitive
to slower Li motions, a superposition of two diffusion-induced rate peaks was found for micro-
crystalline Lio 17SnS,. These rate peaks represent two different Li jump processes, which can be
approximated with models for 3D and 2D motion. The occurrence of two distinct diffusion
processes in interlayer-intercalated Lio17SnS; is discussed in the first article P1 along with the
irreversible change of diffusion behavior after the sample is exposed to 573 K. These surprising
results are discussed with respect to the vacant octahedral and tetrahedral lattice sites both be-
tween and within the SnS,-layers, also considering the possibility of Li clustering as a result of

chemical intercalation.



3.1 Layer-Structured Li Ion Conductors

Figure 9: (I) SnS, before lithiation, (II) upon addition of n-BuLi, (III) reaction time: 10 min, (IV) reaction

time: 60 min

Another aspect of our studies on lithium-intercalated SnS, was the comparison of Li diffusiv-
ity between micro- and nanocrystalline SnS, and between nano-sized, defect-rich SnS, which
was synthesized via ball-milling. The relaxation rates, in particular the low-T slope, is influenced
by background relaxation, correlation effects or localized Li hopping. In this sense it provides
information on the influence of particle size and structural environment on Li diffusion. In the
manuscript M1 ’Li NMR spectra and results from spin-lattice relaxation measurements in the

rotating frame of reference of all three morphologies are compared.
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1. Introduction

Layer-structured materials, which are the key materials that made re-
chargeable (secondary) lithium-ion batteries alive [1], provide fast 2D dif-
fusion pathways [2] along their inner surfaces [3,4]. In many cases Li ions
are quite mobile in the van der Waals gap [3,5] between the sheets that
are usually composed of a transition metal (e.g., Ti, Co or Nb) coordinated
six-fold by oxygen or sulphur [6]. Dichalcogenides, such as the prominent
TiS, [7,8], ensure facile and highly reversible Li insertion and de-insertion
[1]. This results in an extremely long cycle life because the host structure
is considerably robust against structural degradation. Admittedly, the
open structure of the hosts also allows larger solvent molecules of the
commonly used liquid electrolytes to co-intercalate [1].

Besides the classic TiS, [3,5,7,8,9], or the recently investigated NbS,
[10], tin dichalcogenide serves as another very interesting model
systems to study the spatially confined Li motion within a rigid host
structure. Compared to TiS,, earlier diffusion studies by, e.g., Pietrass
et al. [11], indicate a more complex Li dynamics for the Sn analogue. In
the present contribution, we studied the microscopic Li diffusivity in
Li,SnS, in detail with the help of time-domain methods such as nuclear
magnetic resonance (NMR) spin-lattice relaxation (SLR) performed in
the so-called rotating frame of reference [12,13]. The method is sensi-
tive to Li jump processes with rates in the order of 10° s~ . Indeed,

* Corresponding authors.
E-mail addresses: julialanger@tugraz.at (J. Langer), wilkening@tugraz.at
(M. Wilkening).

http://dx.doi.org/10.1016/.ssi.2015.03.039
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the NMR relaxation results obtained so far are quite different from
those reported for the layered polymorph of Li,TiS; [3].

Like TiS, the Sn analogue crystallizes with the CdI, type lattice
(space group P3m1 [14], see Fig. 1). It consists of commensurate layers
where each Sn atom is octahedrally coordinated by six sulphur anions
[11]. In this structure several vacant lattice sites prove to be feasible
for Li insertion. In Lig;7SnS,, which is the compound studied here,
lithium ions are anticipated to only occupy octahedral (Oh1) and tetra-
hedral (Td2) vacancies in the interlayer space, whereas the intralayer
tetrahedral sites (Td1) tend to be filled up only with increasing degree
of intercalation [11,15]. To our knowledge, this is, in general, in contrast
to the situation in the trigonal (1T) form Li,TiS, where Li ions preferen-
tially occupy interlayer sites over the whole range of composition x [7,
16]. Even if we keep x in Li,SnS, rather small, i.e., well below x = 0.2,
to rigorously avoid the occupation of any intra-layer sites, the possibility
to occupy two distinct sites in the van der Waals gap, as compared to
TiS,, as well as the fact that Sn*™ is preferentially reduced to Sn*
(and Sn° at larger values of x [15]) seems to leave its mark on the
NMR rates recorded. For x = 0.16 no noticeable distortion of the SnS,
structure should occur; Méssbauer spectroscopy has shown that part
of the Sn** ions is reported to be completely reduced to Sn®* [15].

In the present study we used ’Li NMR line shape measurements and
time-domain “Li NMR spin-lattice relaxometry, performed in both the
laboratory and the rotating frame of reference, to follow short- and
long-range Li ion dynamics in Li,SnS, with x = 0.17. The sample was
prepared by chemical lithiation of SnS, with a solution of n-
butyllithium in hexane.
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SnS,

van der
Waals gap

SnS,

Fig. 1. Crystal structure of layer-structured SnS;. Circles in blue show Li ions occupying oc-
tahedral, Oh1 (or tetrahedral, Td2, Td1) sites in the van der Waals gap or within the SnS,
sheets. Most likely, the octahedral sites are energetically favoured.

The advantage of spin-locking SLR NMR measurements is that rela-
tively slow motions can be probed as mentioned above. Hence, consid-
ering fast and moderate lithium ion conductors, the desired diffusion-
induced rate peaks, from which the Li jump rate can be deduced, are
passed through at temperatures expected to be much lower than
500 K. In particular, this enables the investigation of heat-sensitive
materials.

2. Experimental

Chemical lithiation of phase pure 2H-SnS,, which was prepared by
chemical vapour transport from the elements, was carried out in an
Ar-filled glovebox. The microcrystalline sample was dispersed in
anhydrous hexane (98%, Aldrich) and treated with an equivalent
amount of n-butyllithium (1.6 M, Aldrich) to form Lig ;7SnS,. Intercala-
tion of Li into the host material is accompanied by the immediate
change of colour from gold to a dark-brownish tone. After stirring the
suspension for another 24 h at room temperature the sample was fil-
tered, rinsed several times with hexane and dried.

The exact amount of lithium inserted, here x = 0.17, was deter-
mined by atomic absorption spectroscopy after eluting in deionized
water at 333 K for 24 h. Compared to the amount of n-butyllithium
used, this proves that the complete amount of lithium has been inserted
into the Sn-bearing host.

For our “Li NMR experiments the dry powder was fire-sealed in
Duran glass tubes (4 mm in diameter, 3 cm in length) under vacuum.
The structure of SnS, might be slightly distorted after chemical interca-
lation with n-butyllithium, as the Li ions are likely (i) to enter the van
der Waals gap in an inhomogenous manner in such a way that clusters
are formed or (ii) to aggregate on or near the crystallite surfaces. Thus,
at first, all investigations were performed on the so-called “pristine”
(non-annealed) Lip 17SnS, sample. Afterwards, in order to study any ho-
mogenization effects by NMR as has been done recently for Li,NbS, [10],
the sample was annealed inside the closed NMR glass tube in an oven at
573 K for 5 days.

Variable-temperature “Li NMR relaxation measurements were
carried out on a Bruker Avance IIl spectrometer connected to a shimmed
cryomagnet. The nominal magnetic field was 7 T; this corresponds to a
“Li resonance frequency of mo/2n = 116 MHz. A commercial high-
temperature probe (Bruker Biospin) was used to measure line shapes
and NMR SLR rates, allowing 1/2 pulse lengths between 2.3 and 2.9 is.

Measurements were performed at temperatures ranging from 221 K
to 593 K. This was monitored and adjusted using a Eurotherm temper-
ature controller in combination with a type T thermocouple.

7Li NMR SLR rates 1/T; (=R,) were recorded in the laboratory frame
of reference with a saturation recovery pulse sequence: 10 x 1/2-tq—T1/
2-acquisition (acq.). Here, the initial ten pulses, separated by 80 ps,
were used to destroy any longitudinal magnetization M, prior to record-
ing its recovery as a function of the delay time t,.

In addition, rotating-frame ’Li SLRp NMR rates 1/Ty, (ZR:p) [17]
were acquired with the spin-lock technique introduced first by Ailion
and Slichter [18,19]: /2p (tiock)-acq. using an angular locking frequen-
cy o1/2m of approximately 20 kHz. The locking pulses were varied from
tiock = 56 LIS t0 tjocc = 100 ms. In order to ensure full longitudinal relax-
ation between each scan, the recycle delay was set to at least 5 x 1/R;.
Note that in both types of experiments the corresponding magnetic
transients M,(tq) and M(tiock) can be best described by stretched expo-
nentials only, i.e., we have used M,(ty) < 1 — exp[—(t/T;)"] and
My (tioek) o< exp[—(tioe/T1p) "], respectively.

Static “Li NMR spectra were obtained by Fourier transformation of
the free induction decay (FID). They were recorded under static condi-
tions in a single pulse experiment using the same recycle delays as for
the SLRp NMR measurements.

3. Results and discussion
3.1. Static “Li NMR spectra and their motional narrowing

3.1.1. Local electronic structures

Selected static “Li NMR spectra of Lig17SnS, as prepared and after
annealing, are shown in Fig. 2 a) and e). In general, the lines recorded
at low temperatures are broadened by dipolar interactions of the “Li
spins [20], resulting in a Gaussian-type shape. In the so-called rigid
lattice regime, that is, at temperatures well below 200 K, Li exchange
processes are too slow to affect the spectral line width.

At elevated temperatures, however, motional narrowing (MN) of
the NMR line sets in as dipole-dipole interactions are averaged due to
drastically increased Li exchange processes typically resulting in a
Lorentzian shape (Fig. 2 a) and d)) [21]. A closer look at the NMR central
lines reveals that at intermediate temperatures the lines heteroge-
neously narrow; this indicates a distribution of Li*" jump rates. Interest-
ingly, this effect is also observed after annealing and could be related to
an intrinsic heterogeneous Li dynamics in Li,SnS, (see Fig. 2 e)).

In the case of annealed Liy 17SnS, so-called quadrupole satellite
intensities emerge, which appear to be more pronounced at
T < 295 K and tend to lose in intensity as temperature is increased.
Such quadrupole (powder) patterns originate from the electric
interaction of the quadrupole moment of ’Li (spin-quantum number
I = 3/2) with a non-vanishing electric field gradient (EFG) at the nu-
clear site [22]. The spectra show a relatively well defined overall
powder pattern (see Fig. 2 b) and c)); the pattern may represent a
single site with an asymmetric EFG (1q # 0) or multiple sites;
already two different Li sites with different EFGs and asymmetry pa-
rameters 1)q would give a rather complex powder pattern. Neverthe-
less, this observation indicates that after annealing the Li ions
represented by the satellite intensities seem to occupy a large num-
ber of electrically equivalent insertion sites, The corresponding
quadrupole coupling constants, defined by Co = €*qQ/h, can be
determined from the first-order singularities [23]. Here, e is the
elementary charge, eq represents the principal component of the
EFG at the Li site, Q denotes the electric quadrupole moment of “Li
and h is Planck’s constant. In the present case, the associated site-
specific quadrupole coupling constants Cq are estimated to range
between 40 and 80 kHz at temperatures 221 K < T <373 K.

For comparison, less distinct quadrupole signals were found for the
non-annealed Lip 17SnS; sample. They seem to be of low intensity and
smeared out over a broad frequency range indicating a larger
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Fig. 2. a) Evolution of the "Li NMR spectra of non-annealed polycrystalline Li,SnS, (with x = 0.17) with increasing temperature. b) and c) magnification of the quadrupole foot of the spec-
tra recorded before (in grey) and after annealing (in red). d) Motion-induced narrowing of the width of the central Li NMR line as a function of temperature. e) Comparison of the ’Li NMR

spectra recorded before and after annealing (red) of the sample studied.

distribution of (slightly different) EFGs sensed by the Li spins as it is
found after annealing. This difference between the two sets of spectra
points towards a less homogeneous occupation of possible Li sites or
clustering of Li spins in Lig17SnS, right after chemical intercalation.
Hence, the quadrupole pattern of the annealed sample indicates that
the Li ions are distributed in a more ordered fashion after heat
treatment.

Interestingly, Pietrass et al. [11] report on a two-component ’Li
central transition and, correspondingly, on two different quadrupolar
coupling constants for chemically intercalated Lig 17SnS;. In contrast to
our study, their ’Li NMR measurements were performed under magic
angle spinning (MAS) conditions; they found Cq = 20 kHz for the
narrow component and Co = 60 kHz for the broader one. The two
contributions were assigned to Li ions occupying the interlayer octahe-
dral (Oh1) and tetrahedral sites (Td2) in the van der Waals gap.

In the mechanistic Li insertion study of Lefebvre-Devos et al. [15] it
was proposed that at first Li ions are inserted in the octahedral voids
of the van der Waals gap without noticeable change of the host struc-
ture. With increasing Li content x (>0.17), however, the ions occupy
both the interlayer octahedral and tetrahedral sites; finally, at even
higher levels of intercalation (x = 0.49, 1.21, see ref. [15]) also the
intralayer sites within the SnS, sheets are occupied. Then the SnS; struc-
ture will be stressed. Here, in agreement with Pietrass et al. [11] we tend
to interpret the spectra of the annealed sample such that they mainly re-
veal those Li ions residing on the crystallographic (octahedral) sites
within the van der Waals sheet. For small values of x, the Li ions intro-
duce only weak structure perturbations [15].

3.1.2. Diffusion-initialized line narrowing

A quantitative analysis of the NMR lines allows an estimation of Li
jump rates Ty and (jump) activation energies E, . In Fig. 2 d) the
full width at half maximum (fwhm) of the central transition Av is plot-
ted as a function of temperature. The line widths of Lip ;7SnS; do not

change significantly after the annealing step. This indicates both (i)
comparable dipole-dipole interactions between the “Li spins before
and after Li intercalation, as well as (ii) no drastic influence on Li self-
diffusion. As we will see below, SLR NMR will give a more precise pic-
ture on the elementary hopping processes before and after the anneal-
ing step at elevated T; it points to different diffusion processes and
reveals the influence of annealing on Li hopping in SnS,.

To estimate Li jump rates from MN, at the inflection point of the
MN curve (T = 280 K, see Fig. 2 d)) the jump rate is roughly given
by Tmn = 21 x Avgg, where Avg, denotes the line widths at extreme-
ly low T, i.e., in the so-called rigid lattice regime. For both, the
annealed and non-annealed Lig 17SnS, it lies in the order of 10%
jumps per second if we use Avg; =~ 3.7 kHz (see Fig. 2). Moreover,
the semi-empirical expression of Waugh and Fedin [24] relates the
onset temperature of line narrowing with an activation energy ac-
cording to Eyun (eV) = 1.62 x 1073 - Topser(K) [25]. Using
Tonset =~ 233 K this yields E; = 0.38 (9) eV for Li diffusion process
in the pristine sample; a similar result was obtained for the annealed
one. The model of Hendrickson and Bray [26,27], however, points to
slightly lower activation energies of E; = 0.27(2) eV before heat
treatment and E, = 0.23(4) eV after. These values (see also
Table 1) have to be taken as rough estimations. SLR NMR, especially
when diffusion-induced rate peaks are analysed with appropriate
models, provides a more accurate access to Li ion self-diffusion pa-
rameters such as absolute hopping rates and activation energies.

3.2. ’Li NMR relaxometry using spin-locking

“Li spin-lattice relaxation rates, recorded in both the laboratory
frame (R;) and the rotating frame of reference (R;,), are shown as a
function of the inverse temperature in Fig. 3. The Arrhenius plot com-
pares results from the as prepared (black, unfilled symbols) with the
annealed sample (black, filled symbols) to investigate the effect of
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Table 1

Activation energies and pre-factors deduced from both NMR line shapes and SLR measure-
ments performed at 166 MHz and 20 kHz; activation energies from Ty, measurements
were deduced from BPP-type fits.

Method Sample E, (eV) o' (s7h
MN (Waugh-Fedin) Pristine ~0.39
Annealed ~0.38
MN (Hendrickson-Bray) Pristine 0.27(2)
Annealed 0.23(4)
T, (116 MHz) Annealed® 0.10(1)
Ty, (20 kHz) BPP fits® Pristine:
(Low-T peak) 0.38(4) ~1x 10"
(High-T peak) 0.28(9) ~3x10%
Annealed:
(Low-T peak) 0.38(5) ~1x10"
(High-T peak) 0.275(50) ~4x 108

2 The parameter 3 has been restricted to values smaller than or equal to 2; with 3 =2
the best fits were obtained.
P Only the low-T flank was accessible.

heat treatment on Li ion dynamics in Lig 17SnS,. At first we will consider
the relaxation rates measured at 116 MHz.

The rates R; of the non-annealed sample weakly increase with T
until they reach a plateau at ca. 358 K. One might interpret this plateau
as a shallow rate maximum. As it is obvious from Fig. 3, the overall relax-
ation process slows down after heat treatment. As a result of this an-
nealing process from the slope of R{(1/T) an apparent activation
energy of E; = 0.10(1) eV can be determined from the linear fit
shown. This value, since it is deduced in the low-T limit of a diffusion-
induced rate peak, reflects short range Li ion dynamics being predomi-
nant in this T range. The result is in good agreement with the activation
energy reported by Pietrass et al., E, (T;) = 0.155(20) eV, for a sample
with the same chemical composition (x = 0.17) [11].

In order to probe a full diffusion-induced SLR rate peak including the
high-T flank we recorded Ry, rates with the spin-locking technique. SLR
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NMR in the rotating frame of reference is per se sensitive to much slower
diffusion processes compared to SLR in the laboratory frame of refer-
ence. This is because the spins relax in the presence of a spin-lock field
B, that is much smaller than the external one By. While yB, corresponds
to a Larmor frequency o in the MHz range, w; = By, with By deter-
mined by the radio-frequency spin-lock pulse, is given by frequencies
in the kHz range. Hence, the rate maximum of Ry,(1/T) is shifted to-
wards much lower T; it shows up when 7. = 0.5 is fulfilled where
7o ' = f(T) is the motional correlation rate being of the same order of
magnitude as the Li jump 7! [17,28]; usually the difference between
Tc and 7 is less than a factor of, say, 5.

To extract the rates Ry, we parameterized the corresponding mag-
netization transients with stretched exponentials. Compared to the R,
experiments the stretching factors turned out to be somewhat smaller;
for comparison, they are shown in the upper part of Fig. 3 a). The Ry,
rates of the sample before annealing reveal a complex temperature be-
haviour and can be best fitted with a sum of two rate peaks,

! "
Ryp =Ry, + Ry

The rate Ry, is proportional to the spectral density functions j(,)
and J(®g) describing the temporal magnetic dipolar (and electric qua-
drupolar) fluctuations being responsible for spin-lattice relaxation in
the spin-lock field. For Ry’ we have [17]

!

Rip' = C,)'(J' (201) +5/3 J () +2/3 ] (200)).

The same is valid for R;,” but with C,’ and J’ replaced by C,” and J,
respectively. For three-dimensional diffusion (BPP-type [29]) the spec-
tral density function reads in general [12,30] :
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Fig. 3. a) Temperature dependence of the “Li NMR relaxation rates of Lio ;,SnS, recorded before and after annealing; data were sampled at two different frequencies, viz. 20 kHz and
116 MHz. The upper graph shows the corresponding stretching exponents used to fit the transients with stretched exponentials. Filled symbols refer to the annealed sample, unfilled
ones reflect the results before annealing. The solid lines show fits with a sum of two BPP-type Lorentzians. The temperature behaviour of the rates R; after annealing points to relaxation
of the Li spins due to coupling with conduction electrons. b) Magnification of the overall rotating-frame relaxation fit of the data Ry, recorded for the annealed and non-annealed sample.
The (red) dashed lines (peak 1) and the (green) dashed-dotted lines (peak 2) show the individual relaxation rate peaks. Arrows mark the range of data points used for the fit (see also a)).
The low-T data points marked with circles were excluded from the analysis since they are governed increasingly by so-called non-diffusive background relaxation with a much weaker

temperature dependence than expected for translational ion hopping.
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with 3 being equal to 2 or smaller. 3 = 2 reflects uncorrelated motion
(see below). Since only the first terms of the corresponding relaxation
functions contribute significantly to Ry,’ and R;,,”, the restriction to the
first term serves a good approximation for Ry, (and R;,"):

Rip = Core/[1+ 27",

The correlation time 7. can be described with an Arrhenius law :
—1, -1 -1
T. =T =1y exp(—E,/(kgT)).

By combining the latter relations, a fitting function can be construct-
ed containing the pre-factor 75 !, the asymmetry parameter (3, and the
activation energy E, that is governed by long-range Li ion motion. Its
value is identical with the activation energy which would be obtained
from the slope of the high-T flank of a diffusion-induced NMR SLR rate
peak. As shown explicitly in Fig. 3 b), each of the data sets can be ap-
proximated with a joint fit; hereby linking the parameters C,'",
70’1, B, and E,/"). The dashed and dashed-dotted lines represent
single fits of the two rate peaks at low-T and high-T, respectively; the
solid lines represent the sum of both relaxation functions.

Both samples investigated, the annealed and the non-annealed ones,
reveal at least two relaxation rate peaks. The relaxation rate peak show-
ing up at the lower temperature, Tj,,yv = 346 K, before annealing the
sample is characterized by an activation energy E,(I) of 0.38(4) eV.
The peak shifted towards higher T, showing up at Ty;gn = 446 K is best
described with E,(II) = 0.28(9) eV.

Worth noting, the exponent (3, which reflects the asymmetry of the
NMR rate peak, encloses information on correlation effects such as
structural disorder and/or Coulomb interactions [31,32]. In the presence
of correlation effects asymmetric rate peaks are expected with the slope
of the low-T flank being much smaller than that in the high-Tlimit. Here,
in the case of the non-annealed sample 3 equals 2 for both rate maxima
(B’ = B"); this results in a symmetric shape of the rate peak. Hence, cor-
relation effects in the sense of Ref. [31] seem to be almost negligible for
the description of the shape of the rate peaks in the present case.

Surprisingly, after heat treatment, the rate Ry, still reveals the two-
peak profile; the two rate maxima occur at the same temperatures as
for the non-annealed, pristine sample (see above). In addition, the
joint fit mentioned above of the data sets yields almost the same jump
activation energies E;(I)anneated = 0.38(5) eV and E;(I)anneated =
0.275(50). Likewise, no correlation effects seem to influence the NMR
rates; the best overall fit is obtained if we chose B’(”) = 2. Thus, the
rate peaks can be well described with classical BPP-type relaxation be-
haviour for which a quadratic frequency dependence R3p o< w7 27c ' is
a characteristic [29].

After the annealing procedure, however, the second rate peak, which
leads to the maximum at Tyjgn, predominates while the rate peak at
lower T is almost fully superimposed by the second one. This means
that overall Li diffusivity is slowed down after annealing. Remarkably,
the opposite behaviour has recently been found for Li diffusion in
Li,NbS, [10].

The low-T peak could represent localized Li hopping processes. One
might suppose that Li ions directly after insertion with n-butyllithium
form ‘local clusters’. This could involve both interlayer octahedral and
tetrahedral sites and, to a small extent, also Li sites within the SnS,
layers. Clearly, the latter suffer from huge Coulomb repulsion between
Li* and Sn*™ or Sn? ™. Such clustering between the SnS, layers might
be directly related to the redox behaviour, i.e., the different oxidation
states available of Sn. In contrast to, e.g,, Ti> /4™ in Li,TiS,, it is reduced
from Sn** to Sn?* and, at much larger values of , further to Sn° as it has
been evidenced by Mdéssbauer studies [15]. Hence, one may suppose
that initially the Li ions seem to be located near the positions of the
initially reduced Sn atoms. The dissolution of such small agglomerates

via Li diffusion is expected to be coupled with the transfer of electrons
between the Sn atoms.

The activation energies associated with hopping processes perpen-
dicular to the layers, however, are expected to be much larger
than those for interlayer Li diffusion. Most likely, annealing at elevated
T causes homogenization of the Li* (and Sn?™) distribution and facili-
tates long-range ion transport. Thus, with increasing temperature this
leads to a more uniform and ordered occupation of the interlayer octa-
hedral sites that we assume to persist even after annealing. The emer-
gence of quadrupole satellite intensities underpins this interpretation
(see above). Ultimately, (in situ) neutron diffraction is necessary to
work out which sites the Li ions definitely occupy under which condi-
tions and to shed light on the question whether also the opposite is
true, that is, to investigate whether the Li ions become increasingly
trapped on, e.g., the interlayer tetrahedral sites Td2 after annealing.
Let us, however, mention that for the high-T peak a rather small pre-
factor is found (see Table 1). It might be a characteristic of and, thus, di-
rectly related with the low-dimensional (2D) diffusion process involv-
ing octahedral voids within the van der Waals gap of Li,SnS,.

The occupation of both octahedral (Oh1) and tetrahedral voids
(Td2) within the van der Waals gap may give rise to different hopping
processes manifesting themselves in a complex Ry,(1/T) behaviour. An-
nealing is expected to shift this behaviour towards a single diffusion
process involving in the simplest case crystallographically equivalent
sites, most likely the octahedral ones [15] as it is the case in Li,TiS,.
The latter, however, does not rule out that Td2 sites participate in Li
hopping between the van der Waals gap. In Li,TiS; the interlayer tetra-
hedral voids are temporarily occupied when Li ions jump between two
octahedral sites [3,33].

Assuming 2D diffusion between the SnS, sheets for the prevailing
transport mechanism, we analysed the rates recorded with appropriate
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Fig. 4. ’Li NMR R, ,» relaxation rates (20 kHz) recorded before and after annealing, taken
from Fig. 3. In contrast to Fig. 3, however, the bold line represents an overall fit which is
a combination of two so-called 2D-fits. The dashed-dotted line and the solid line (marked
with a stark) represent the two peaks 1 and 2. For comparison, if peak 1 is approximated
with a BPP-type (3D) spectral density function, this results in a rate peak represented by
the dashed line; it has no large effect on the fit of peak 2. Reasonable fits were only obtain-
ed if B = 2 is chosen. Note that the fit for the annealed sample is not shown. The peak rep-
resented by the solid line (and marked with a star) coincides with the data points
representing the relaxation behaviour after annealing.
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Table 2
Activation energies and pre-factors deduced from the T;, measurements if we analyze the
data in terms of 2D diffusion [34]; the results refer to the non-annealed sample.

Method Kind of fit E. (eV) o' (s7Y)

T1p (20 kHz) 2D fits® Low-T peak, 2D 0.40(5) ~4x 10"
High-T peak, 2D 0.31(12) ~2x 108
Low-T peak, 3D 0.37(2) ~6x10°
High-T peak, 2D 0.30(12) ~2x10®

2 As for the 3D fits, with 3 = 2 the best fits were obtained.

2D spectral density functions J*(, ). The solid line in Fig. 4 shows a fit
with a combination of two terms of R%B based on the semi-empirical
expression of Richards [34] to analyze 2D diffusion processes via NMR
relaxation.

Rip = Core In [141/20,7)]

The dashed dotted and the solid lines (in red) represent the two in-
dividual peaks R;,’ and Ry,". The quality of the overall fit R%B =
Rip' + Ry," is comparable to that shown in Fig. 3. Interestingly, peak 2
(cf. the red (solid) line in Fig. 4) coincides with the data points obtained
after annealing; this situation does not change if we use a BPP-type 3D
ansatz for Ry, (see the dashed line in Fig. 3).

Compared with the results presented in Table 1, the activation ener-
gies turn out to be quite similar, the low-T rate peak points to 0.4 eV,
whereas the high-T peak can be best represented with a fit using an
activation energy of approximately 0.3 eV (see Table 2). These values
can be regarded as those representing the hopping barrier of the
elementary steps of hopping in Li,SnS,. They are much larger than
those deduced from low-T R; measurements being influenced to a larg-
er extent by correlation effects and/or strictly localized (forward-back-
ward) Li hopping rather than by long-range ion transport along the
(buried) interfaces in Li,SnS,.

Once again, a relatively low pre-factor is obtained for the peak show-
ing up at high temperatures. For a last comparison, activation energies
estimated from line narrowing agree relatively well with those from
SLR measurements. This indicates at least that the same diffusion pro-
cesses were probed by line shape analysis and SLR measurements.
Most likely, a uniform distribution of Li ions among the octahedral
sites (Oh1) is reached after annealing, as mentioned above.

Besides the possibility that all the Li ions solely occupy interlayer
sites, one might think about surface effects having an impact on the
NMR results presented. However, since we deal with a polycrystalline
material with pm-sized crystallites, such effects, as found for nanocrys-
talline materials with a large fraction of interfacial regions [4,27,35], are
negligible.

Finally, if we use the maximum condition being valid for SLR
measurements in the rotating frame of reference, ;7. = 0.5 [21], Li*
self-diffusion coefficients D can be estimated for the two rate peaks
according to D = ~?/(2d - 7.) where / is the jump distance and d the
dimensionality of the jump process (d = 2 for 2D diffusion). If we use
~ =3 A, thatis the Li-Li distance for octahedral occupation of interlayer
sites, this yields, for the high-T peak, 5.7 x 10~ > m? s~ ! at approxi-
mately 446 K; for comparison, the low-T peak shows up at 346 K, as
mentioned above.

For comparison, the diffusion-induced Ry, rates of LiyNbS, (x = 0.7),
which have been recorded also at a locking frequency of 20 kHz, pass
through a rate maximum at 320 K [10], i.e., at a lower temperature.
The same is true for Li,TiS, (x = 0.7), for which the maximum of a log
R1p(1/T)-plot appears at 260 K (10 kHz locking frequency) [3,9]. The
activation energies obtained for Lig;TiS, and Lig7NbS, are quite similar,
approximately 0.4 eV. Thus, even if the latter two samples show higher
Li contents, roughly speaking, the Li* diffusivities, if temperatures
around ambient are considered, are seen to increase in the following
order: D(Li,SnS,) < D(LiyNbS,) < D(Li,TiS,).

4. Summary and conclusion

Li,SnS, serves as an interesting model system to study Li diffusion
in a layer-structured material that also offers Li diffusion pathways
perpendicular to the SnS, planes. By means of ’Li NMR relaxation,
performed in the rotating frame of reference using spin-locking, we
were able to deduce microscopic Li diffusion parameters and to elu-
cidate the effect of annealing on a sample with the composition
Li0_17SH52.

The characteristic diffusion-induced SLR NMR rate peaks obtained
entail information on absolute hopping rates and activation energies
for the elementary steps of hopping. For the non-annealed sample two
overlapping rate peaks show up between 450 K and 600 K, if the rates
are measured at a locking frequency of 20 kHz. Analysing the two
peaks in terms of 2D relaxation models yields activation energies rang-
ing from 0.3 to 0.4 eV. It turned out that after annealing the relaxation
behaviour changes and Li diffusion slows down a bit. This is reflected
by the disappearance of the low-T rate peak. We tend to interpret this
behaviour as a thermally initiated re-distribution of the Li ions among
the various crystallographic sites, most likely the octahedral voids,
located between the SnS; sheets as suggested by theoretical investiga-
tions [15].

Acknowledgement

We thank the Deutsche Forschungsgemeinschaft for the financial
support (Research Unit 1277, grant no.: WI 3600 2-2.)

References

[1] M.S. Whittingham, Chem. Rev. 104 (2004) 4271.
[2] V. Epp, M. Wilkening, Phys. Rev. B 82 (2010) 020301.
[3] M. Wilkening, P. Heitjans, Phys. Rev. B 77 (2008) 024311.
[4] P. Heitjans, M. Wilkening, Mater. Res. Bull. 34 (2009) 915.
[5] M. Wilkening, W. Kiichler, P. Heitjans, Phys. Rev. Lett. 97 (2006) 065901.
[6] W. Miiller-Warmuth, R. Schéllhorn (Eds.), Progress in Intercalation Research,
Springer, Netherlands, 1994.
[7] M.S. Whittingham, Prog. Solid State Chem. 12 (1978) 41.
[8] C.Prigge, W. Miiller-Warmuth, R. Schéllhorn, Z. Physik. Chem. 189 (1995) 153.
[9] W. Kiichler, P. Heitjans, A. Payer, R. Schollhorn, Solid State Ionics 70-71 (1994) 434.
[10] V. Epp, S. Nakhal, M. Lerch, M. Wilkening, J. Phys. Condens. Matter 25 (2013)
195402.
[11] T. Pietrass, T. Francis, P. Lavela, J. Olivier-Fourcade, J.-C. Jumas, . Phys. Chem. B 101
(1997) 6715.
[12] A.Kuhn, S. Narayanan, L. Spencer, G. Goward, V. Thangadurai, M. Wilkening, Phys.
Rev. B 83 (2011) 094302.
[13] M. Wilkening, W. Iwaniak, ]. Heine, V. Epp, A. Kleinert, M. Behrens, G. Nuspl, W.
Bensch, P. Heitjans, Phys. Chem. Chem. Phys. 9 (2007) 6199.
[14] B. Palosz, W. Steurer, H. Schulz, Acta Crystallogr. Sect. B: Struct. Sci. 46 (1990) 449.
[15] 1. Lefebvre-Devos, ]. Olivier-Fourcade, J.C. Jumas, P. Lavela, Phys. Rev. B 61 (2000) 3110.
[16] J.R. Dahn, W. McKinnon, R. Haering, W. Buyers, B. Powell, Can. J. Phys. 58 (1980)
207.
[17] P. Heitjans, J. Karger (Eds.), Diffusion in Condensed Matter — Methods, Materials,
Models, Springer, Berlin, Heidelberg, 2005.
[18] D.C. Ailion, C.P. Slichter, Phys. Rev. Lett. 12 (1964) 168.
[19] CP. Slichter, D.C. Ailion, Phys. Rev. 135 (1964) A1099.
[20] M. Wilkening, V. Epp, A. Feldhoff, P. Heitjans, J. Phys. Chem. C 112 (2008) 9291.
[21] V. Epp, O. Giin, H.-J. Deiseroth, M. Wilkening, ]. Phys. Chem. Lett. 4 (2013) 2118.
[22] A. Abragam, The Principles of Nuclear Magnetism, Oxford University Press, Oxford,
1999.
[23] T. Bredow, P. Heitjans, M. Wilkening, Phys. Rev. B 70 (2004) 115111.
[24] ].S. Waugh, E.L Fedin, Sov. Phys. Solid State 4 (1963) 1633.
[25] M. Wilkening, A. Kuhn, P. Heitjans, Phys. Rev. B 78 (2008) 54303.
[26] J.R. Hendrickson, PJ. Bray, J. Magn. Reson. 9 (1973) 341.
[27] M. Wilkening, D. Bork, S. Indris, P. Heitjans, Phys. Chem. Chem. Phys. 4 (2002) 3246.
[28] H.Buschmann, J. Délle, S. Berendts, A. Kuhn, P. Bottke, M. Wilkening, P. Heitjans, A.
Senyshyn, H. Ehrenberg, A. Lotnyk, V. Duppel, L. Kienle, ]. Janek, Phys. Chem. Chem.
Phys. 13 (2011) 19378.
[29] N. Bloembergen, E.M. Purcell, R.V. Pound, Phys. Rev. 73 (1948) 679.
[30] A. Kuhn, M. Kunze, P. Sreeraj, H.-D. Wiemhofer, V. Thangadurai, M. Wilkening, P.
Heitjans, Solid State Nucl. Magn. Reson. 42 (2012) 2.
[31] M. Meyer, P. Maass, A. Bunde, Phys. Rev. Lett. 71 (1993) 573.
[32] K. Funke, Prog. Solid State Chem. 22 (1993) 111.
[33] A.van der Ven, J.C. Thomas, Q. Xu, B. Swoboda, D. Morgan, Phys. Rev. B 78 (2008)
104306.
[34] P. Richards, Solid State Commun. 25 (1978) 1019.
[35] M. Wilkening, S. Indris, P. Heitjans, Phys. Chem. Chem. Phys. 5 (2003) 2225.


http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0035
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0040
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0045
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0050
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0055
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0005
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0005
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0060
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0065
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0070
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0075
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0075
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0080
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0080
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0085
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0085
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0090
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0090
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0095
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0100
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0105
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0105
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0110
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0110
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0115
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0120
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0125
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0130
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0030
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0030
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0135
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0140
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0145
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0150
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0155
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0160
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0160
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0160
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0165
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0170
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0170
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0175
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0180
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0185
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0185
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0190
http://refhub.elsevier.com/S0167-2738(15)00135-6/rf0195

3.1 Layer-Structured Li Ion Conductors

M1: Micro- vs. Nanocrystalline Lio.17SnS>»

Experimental

Phase-pure, nanocrystalline SnS, as the precursor for Lio1-SnS,, was synthesized according to
the same procedure as described for the microcrystalline form. This can be found, along with
the description of the chemical intercalation process and chemical analysis via atomic absorp-
tion spectroscopy, in P1. Additonally, nano-crystalline SnS, was prepared by high energy ball-
milling from the elements using stoichiometric amounts. The powders were ground at 600 rpm
for 100 min in a high-energy planetary ball mill (Fritsch Pulverisette 7, premium line). Li inter-
calation and chemical analysis was performed, accordingly in P1. All materials were investigat-
ed using the same NMR equipment, experimental setup and pulse sequences as described in
P1.

Results

A clear difference can be seen between micro- and nanocrystalline Lio17SnS,. At low tempera-
tures (T = 193 K) a dipolarly (and quadrupolarly) broadened peak is observed with a width of
roughly 6 kHz (cf. Figure 10). With increasing temperature a narrow peak evolves on the top of
the broad one, starting below ambient temperature. This second contribution indicates fast Li
motion as lines are subsequently narrowed due to increased mobility of Li ions. In contrast, the
width of the broad signal only starts to significantly narrow at elevated temperatures, around
400 K. This behavior is also reflected by the motional narrowing curve where the full width at
half maximum is plotted against the temperature. In order to extract the line width the shape of
the two-component peaks could be fitted best with a Gaussian for the broad and a Lorentzian
fit for the narrow contribution. For neither “species”, which can be referred to as “spin reser-
voir”, the full motional narrowing curve (cf. Figure 11) was recorded. Li diffusion is observed in
the rigid-lattice regime for the slow “species” of Li ions in the temperature regime covered in
these experiments. For the fast diffusion process the lines seem to be fully narrowed with values
ranging between 0.6 and 1 kHz.
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Figure 10: a) Temperature-dependent "Li spectra of non-annealed microcrystalline Lio1,SnS, , b) Evolution
of the Li NMR lines for nanocrystalline Lio17SnS, showing a two-component line shape, ¢) "Li spectra of

nano-Lio17SnS; as synthesized via ball-milling. (See text for further explanations.)

Note that the occurrence of two-component line shape is a reversible process. After being
subjected to high temperatures during the first “run” of NMR experiments, the re-measured
line shapes proved to be identical to the original ones. This indicates that, the existence of two
contributions in the "Li NMR spectra of the nanocrystalline Li might not be attributed to an
inhomogeneous Li distribution that can be cured by thermal treatment. Consequently, the ex-
traordinary behavior observed for nanocrystalline Lio17SnS, might stem primarily from the size
and morphology of the crystals. In fact, high-resolution TEM images indicate nanocrystals em-
bedded in an amorphous matrix which is why we tend to assign the different Li spin reservoirs
to Li ion diffusing in crystalline grains and in amorphous interfacial regions. As the sharp "Li
NMR line (cf. Figure 10b)) attributed to the fast Li spins in Li.1,SnS, resembles that of the mi-
crocrystalline sample, it can be concluded that Li ions in within the nanocrystalline grains move
faster than those situated in the amorphous regions. On the contrary, a similar phenomenon

was observed in the study of micro- and nanocrystalline Li,O:ALO; composites [96]. Yet, the
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interpretation is completely the opposite: slow dynamics was seen for the crystalline regions (in
micro- and nanocrystalline Li,O) and fast Li motion in the amorphous nano-interfaces.

For comparison, nano-Lio17SnS, was also prepared via mechanochemical synthesis of SnS,,
followed by a chemical intercalation in solution according to the procedure described in P1.
The corresponding "Li NMR spectra are shown in Figure 10c). At temperatures below 333 K,
the NMR signal also appears to be constituted by two different contributions, however, not as
pronounced as in the spectra shown in Figure 10b). With increasing temperature the broad
contribution is narrowed with one sharp contribution dominating in the regime T >251 K indi-
cating enhanced Li diffusivity for the nano-sized, defect-rich Lio17SnS, which was prepared by
high-energy ball-milling, compared to the nanocrystalline form.

A two-component behavior is also observed by recording spin-lattice relaxation rates in the
rotating frame of reference via the spin-locking technique. By taking advantage of locking fre-
quencies in the kHz-range this technique is more sensitive towards slow Li ion motion, com-
pared to conventional spin-lattice relaxation NMR. Corresponding T, magnetization transi-
ents show a two-step decay behavior, which can be approximated by a double exponential fit
yielding two characteristic time constants for both diffusion processes. As can be seen in Figure
11, the relaxation rates of the fast and the slow contribution differ by more than two orders of
magnitude at low temperatures between 204 K and 250 K. With increased Li mobility at higher
temperatures R, () approaches Ry ).

For the slow diffusing Li ions (cf. Figure 11, “S”) a diffusion-induced rate maximum could
not be probed in the experimental temperature range. In the low temperature regime up to T ~
250 K the constant relaxation rate values can be attributed to non-diffusive relaxation mecha-
nisms, such as localized jumps or interaction of Li nuclei with conducting electrons. The rates
start to gradually increase showing a “dent” around T = 308 K. This “dent” is also observable in
the motional narrowing curve with the linewidths increasing from roughly 6 kHz to 7 kHz be-
fore decreasing due to the onset of motional narrowing. The “dent” observable in the Arrhenius
and motional narrowing representation could be caused by a homogenization process concern-
ing the distribution of Li ions directly after intercalation. Considering the nano-size of the crys-
tallites this might take place already at lower temperature values, if compared with the micro-
crystalline sample. However, repeating the temperature-dependent experiments yields the same
course for both Ry,(s) and Ry, ». Subsequently, the onset Li motion induces the steep increase
for Ry, () at T > 337 K, with the rate maximum expected at T >> 500 K.
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Figure 11: left: "Li NMR linewidths of both slow and fast Li ions (Line shapes were obtained via approxi-
mation with Gaussian- (S) and Lorentzian-type (F) functions. For (S) we observe a rigid-lattice linewidth
up to about 400 K, while the lines corresponding to (F) are already motionally narrowed. Right: SLR,
magnetization transients (recorded at a locking frequency 11 = 20 kHz) show a two-step decay behavior
which, parametrized with stretched exponentials, yield relaxation rates for the fast and the slow spin reser-

voir.

Interestingly, a shallow rate peak is probed for the fast spin reservoir (cf. Figure 11 “F”). If Ry (9
is recorded between 250 K < T < 478 K, the maximum condition w;7. &~ 0.5 is fulfilled at T ~
320 K, roughly corresponding to a mean Li jump rate of 7~ 2.5 X 107 s™". The high- and low-
T flanks of the rate peak are to a great extent influenced by correlation effects or localized
jumps, i.e. non-random Li motion, which makes it impossible to the determine a value for the
activation energy via NMR relaxometry.

In order to obtain a clear picture of the difference in Li diffusivity in all three morphologies
of Lio.17SnS; a comparison of the R;, maxima is shown in Figure 12. In accordance with the "Li
line shape analysis a high Li mobility is observed for Li-intercalated, nano-sized SnS,, prepared
via the mechanochemical synthesis route. Materials synthesized via these methods generally
exhibit a defect-rich structure due to the high mechanical impact exerted during the synthesis.
Such defects can be thermally cured; however they leave a characteristic signature in the struc-
ture, manifesting itself in the mobility of the diffusing ion.

In this case, the features of a less-ordered and defect-rich structure in nano-sized Lio1,SnS,

enables fast Li hopping, as shown by the appearance of a weak rate maximum well below room
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Figure 12: Arrhenius representation of spin-lattice relaxation rates for microcrystalline (red), nanocrystal-
line (black) and “nano-ballmilled” Lio17SnS,. The shift of the rate peak towards lower temperatures indicates
an increased Li diffusivity as defects, disordered and amorphous regions are introduced for the nano-sized

compounds.

temperature, at T ~ 250 K. However, the shallow maximum of the SLRp rate peak reflects, to
the most extent thermally activated localized hopping, rather than diffusion-induced Li motion.

Li diffusion in nanocrystalline Lio17SnS, takes place in the crystalline, layer-structured grains
and in amorphous interfacial regions. While Li diffusivity is low within an amorphous disor-
dered environment it increases in the crystalline SnS, layers. Still, Li motion is greatly influ-
enced by correlation effects, resulting in a broad rate maximum. Correlated jumps, i.e. non-
random jumps, could be the result of Li clusters causing an inhomogeneous distribution of Li
ions in octahedral and tetrahedral voids of the crystalline layers, as a result of the chemical in-

tercalation process.
Eventually, only for microcrystalline Lio.1;SnS, purely diffusion-induced relaxation rate peaks

were probed, describing uncorrelated Li motion in the van-der-Waals gap (see P1). Here, the

complex SLRp behavior was, in a first explanation, also ascribed to the formation of local Li

clusters both in inter- and intralayer of SnS,. After thermal annealing only one process with a
rate maximum at 446 K dominates. Taking the "Li spectra before and after annealing, as well as
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theoretical considerations into account, it can be assumed that thermal treatment has caused a
re-destribution of Li ions among both the octahedral and tetrahedral voids in the interlayer, facil-
itating long-range Li transport.

Studying the effect of thermal annealing was attempted for both nanomaterials, in order to
homogenize the Li distribution and dissolve local clusters formed after chemical intercalation.
Unfortunately, this led to an irreversible change caused by structural transformations (for the

ball-milled sample) and decomposition (for the nanocrystalline samples).
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3.1.2 Lithium-Intercalated Graphite: LiCs

In the past years lithium-intercalated graphite compounds (Li-GICs) have attracted considera-
ble attention due to their application as negative electrode materials in secondary Li ion batter-
ies [97-99,85]. Electrical charge/discharge behavior, as well as rate capability and stability of
the electrode are connected with the intercalation and deintercalation of Li ions in between the
graphene layers. Properties of practical interest, such as ionic and electronic transport as well as
magnetic properties can be tailored by the amount of intercalated Li [100].

Lithium is intercalated preferentially between graphite layers that are already occupied with
atoms; this effect is referred to as “staging”. Not every interlayer is necessarily occupied by Li in
Li-GIC. In so-called stage-1-compounds, graphite layers and intercalated layers alternate and in
stage-2-compounds, two graphite layers alternate with an intercalated layer [101]. Compounds
up to stage-4 are known, whereas, Li-diffusivity has been studied only for the stage-1/-2 com-
pounds LiCs and LiC1, [25,26,102-104]. In the past, Li self-diffusion parameters in the stage-1-
compound were mostly determined via nuclear techniques such as quasi-elastic neutron scat-
tering (QENS) and (-radiation detected *Li NMR (3-NMR). Both techniques report low-
dimensional diffusion in the ab-plane of LiC¢, characterized by activation barriers of 1.0 eV
(QENS)[102] and 0.6 eV (8-NMR)[103]. Moreover, recent theoretical investigations deal
with the diffusion mechanisms in this material, underline the great interest and need for in-
depth studies of Li diffusion in LiCs [105-107]. Thinius ef al. [107] studied Li migration with
different density functional theory (DFT) methods. By comparing vacancy and interstitial dif-
fusion mechanism, they found a slight preference for the latter (E, = 0.42 - 0.56 eV) in the ab-
plane. According to their studies, motion along the c-axis, i.e., along hexagonal channels, seems
to be kinetically prohibited, and thus highly improbable. The above mentioned diffusion pa-
rameters determined by QENS and 3-NMR have both been studied in the high-temperature
regime, i.e. 630 — 675 K (QENS) [102] and between 373 K - 453 K for °Li 3-NMR [103].

However, from an application-oriented point of view, it is necessary to obtain Li self-
diffusion parameters in the lower temperature regime down to ambient temperature and below.
Therefore alternative NMR techniques were applied. In the following article P2 we studied Li
motion via temperature-dependent “Li spin-spin and spin-lattice relaxation NMR in the labora-
tory and rotating frame of reference which allowed us to access much slower Li motion down to
200 K and evaluate the geometry of Li diffusion. Li hopping rates show an almost linear Arrhe-
nius behavior over a broad temperature range between 250 K and 670 K, taking the results from
QENS and -NMR into account. From these results, a mean Li-self diffusion coefficient could
be deduced for T =295 K.
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Lithium motion in the anode material LiCq as seen via time-domain "Li NMR
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Since the commercialization of rechargeable lithium-ion energy storage systems in the early 1990s, graphite
intercalation compounds (GICs) have served as the number one negative electrode material in most of today’s
batteries. During charging the performance of a battery is closely tied with facile Li insertion into the graphite host
structure. So far, only occasionally time-domain nuclear magnetic resonance (NMR) measurements have been
reported to study Li self-diffusion parameters in GICs. Here, we used several NMR techniques to enlighten Li hop-
ping motions from an atomic-scale point of view. Li self-diffusion in the stage-1 GIC LiC¢ has been studied com-
paratively by temperature-variable spin-spin relaxation NMR as well as (rotating frame) spin-lattice relaxation
NMR. The data collected yield information on both the relevant activation energies and jump rates, which can di-
rectly be transformed into Li self-diffusion coefficients. At room temperature the Li self-diffusion coefficient turns
out to be 10715 m? s™!, thus, slightly lower than that for layer-structured cathode materials such as Li,~q,TiS:.

DOI: 10.1103/PhysRevB.88.094304

I. INTRODUCTION

The stage-1 graphite intercalation compound, LiCg, be-
longs to one of the most fascinating application-oriented
materials which is widely used as an anode in secondary
lithium-ion batteries.'~> Most of the various electronic devices
of our daily life such as notebooks or cell phones rely on
the insertion and deinsertion of lithium ions into graphite-
based negative electrodes.* In particular, the charge/discharge
performance and thus the rate capability of an anode is closely
related to self-diffusion of lithium ions inside the crystalline
host. Moreover, if models are to succeed in simulation of the
electrochemical processes in batteries, precisely measured data
such as diffusion parameters are required.

Surprisingly, only a few studies can be found in the
literature which directly deal with the in-depth investigation
of Li diffusion parameters in crystalline, phase-pure LiCg.
Despite the relatively simple, but fascinating, structure of LiCg
research is yet far away from drawing a comprehensive picture
on diffusive Li motion. Apart from earlier studies® applying
quasielastic neutron scattering (QENS)® or taking advantage
of B-radiation detected nuclear magnetic resonance (8-NMR)
measurements of spin-polarized 3Li (#1» = 0.8 s) nuclei pro-
duced in situ by polarized neutron capture,” classical NMR
measurements®~'? on the stable Li isotope "Li have rarely been
utilized for this purpose. En passant, the results obtained from
7Li pulsed NMR as yet turned out to be less conclusive with re-
spect to Li diffusion parameters.' This is because mainly spin-
lattice relaxation (SLR) measurements in the so-called labo-
ratory frame of reference have been performed. Compared to
other time-domain NMR techniques, those measurements are
sensitive to Li jump rates with values in the MHz range.'® How-
ever, in order to probe Li motional processes in the temperature
range where the structurally ordered LiC¢ phase does exist, i.e.,
atambient temperature, alternative NMR techniques have to be
applied which are able to access much slower Li motions. For
example, this is possible by recording SLR rates R, in the rotat-
ing (o) frame of reference via the so-called spin-lock technique
introduced by Ailion and Slichter.':'>!5-18 If 7Lj SLR takes

1098-0121/2013/88(9)/094304(9)
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solely place in the presence of a controllable magnetic field
with resonance frequencies on the order of a few kHz instead
of some MHz,'? the desirable diffusion-induced rate peak
R\ (1/T) shows up at much lower temperatures 7.'"'8 In gen-
eral, the peak entails valuable information on both short-range
and long-range motions”!%!8 as well as correlation effects.?-!

Here, layer-structured LiCq (see Fig. 1) served as an
excellent model system to probe Li dynamics with spatially
confined migration pathways; it is the most prominent anode
host material with applications in energy storage technology.
The stage-1 compound consists of commensurate layers of
carbon and lithium; Li resides in the central site below and
above each third hexagon formed by C atoms. The stacking
sequence is Aa A« with a periodicity of 3.71 A; A denotes the
graphite basal plane and « the intercalate layer. The carbon
host structure of LiCg allows in-plane jump diffusion and,
because of the open channels parallel to the hexagonal ¢

Oc
QL

[ Livacancy, O interstitial site

regular sites {

FIG. 1. (Color online) Illustration of the crystal structure of
ordered LiCys with AcAwx stacking sequence. (a) View along the
ab plane; (b) view along the c axis. Arrows roughly indicate possible
Lit migration pathways, that is, in-plane diffusion (b) vs motion
along the open channels parallel to the hexagonal axis (a). A detailed
description of possible migration pathways can be found in Ref. 22.
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axis and the small size of the Li ion, it has been argued
that also diffusion normal to the graphite plane cannot be
ruled out a priori as in the case of the heavy alkalis.?® In the
present contribution, the results from various 7Li NMR mea-
surements investigating both (local electronic) structure and
Li ion dynamics of polycrystalline LiCs will be presented
and compared with those deduced from previous B-NMR’®
and QENS studies,’ in particular. While S-NMR results were
obtained on highly oriented pyrolytic graphite (HOPG) at
temperatures around 373 K, results from QENS being sensitive
to Li correlation times in the ns to ps range, were collected at
much higher T, i.e., in a range with sufficiently fast Li motion.

II. EXPERIMENT

The synthesis procedure to obtain polycrystalline stage-1
LiCg, shining like gold, is described in the classical paper
by Guérard and Hérold.>* After preparation, the sample
(approximately 300 mg) was sealed in a quartz ampoule
(3 cm in length, 5 mm in diameter) and stored for several
months at room temperature; we anticipate almost full lithium
homogenization, i.e., a homogenous distribution of the Li ions
between the layers. The sample consists of LiCg crystallites
with diameters less than 500 um. Phase purity was checked
by x-ray powder diffraction (XRPD). XRPD revealed a small
volume fraction of the stage-2 compound LiC;, formed. By
NMR, however, it was very difficult to detect this minor phase
(see below and Fig. 2). The same sample was used for all
measurements presented below.

7Li NMR measurements were carried out using two differ-
ent high-performance digital Bruker Avance III spectrometers
in connection with shimmed cryomagnets with nominal mag-
netic fields of 7 T and 11 T, respectively. This corresponds to
"Li Larmor frequencies of wy/2m = 116 MHz and /27 =
194 MHz, respectively. Both a commercial high-temperature
probe (Bruker Biospin) and a probe designed for temperatures
up to 453 K were employed to measure line shapes and NMR
relaxation rates. Typically, the 7 /2 pulse lengths ranged from
6 to 9 us. The measurements were performed at temperatures
ranging from 203 K to 450 K; here, a Eurotherm temperature
controller in combination with a type T thermocouple was
used.

"Li NMR SLR rates 1/7T; = R, were acquired with the
saturation recovery pulse sequence 10 x w/2 — t4 — w/2 —
aquisition (acq.).>!” An initial pulse train, consisting of ten
7 /2 pulses separated by 80 us, was used to destroy any lon-
gitudinal magnetization M, prior to recording its temperature
and frequency dependent recovery as a function of the delay
time 4. Rotating-frame "Li NMR SLRo rates 1/Ti, = Ry,
were recorded with the spin-lock technique, 7 /2 p(fiock) —
acq.'>16:1925-28 The corresponding (angular) locking fre-
quency w; was chosen to be as low as possible. Here, w, /21 ~
10 kHz was used and the duration of the locking pulse #j,.x Was
varied from 100 us to 100 ms. Note that the recycle delay for
the SLRp experiments was set to at least 5 x 1/R; in order to
guarantee full longitudinal relaxation between each scan. Both
Ry and R;, were obtained by parameterizing the magnetic
transients M, (tq) and M,(tiock), respectively, by stretched
exponentials (see below): M (tq) < 1 —exp[—(¢t/T1)"] and
Mg(tlock) o< exp[—(tiock/ Tlg)yg]a respectively.

PHYSICAL REVIEW B 88, 094304 (2013)

116 MHz

368 K
S A I N
3 2 1 0 -1 -2 -3

frequency (kHz)

Lic,
353K / + 20.4 kHz

295K 23.1 kHz

AVq
25.6 kHz

I I I I I
40 20 0 -20 -40

frequency (kHz)

FIG. 2. (Color online) Static "Li NMR spectra of polycrystalline
LiCgs (116 MHz) recorded at the temperatures indicated. With increas-
ing T homonuclear dipole-dipole interactions are averaged owing
to Li™ hopping which results in narrowing of the linewidths. The
quadrupole coupling constant Cq = 2Av, decreases with increasing
temperature. The slight anisotropy of the central line (see inset) is
due to the layered structure of the sample.

In addition, temperature-variable ’Li NMR spin-spin re-
laxation (SSR) rates 1/7, = R, were recorded by taking
advantage of a (two-pulse) solid-echo pulse sequence,'® that
had been optimized for spin-3/2 nuclei such as TLA. fecho in
/2 — techo — (64°) — acq. denotes the variable interpulse
delay. The transients obtained can be satisfactorily described
with single exponentials. Static ’Li NMR spectra were either
obtained after Fourier transformation (FT) of the free induction
decay, which were recorded by nonselective irradiation with a
single 7 /2 pulse, or by FT of the solid echo beginning from
the top of the signal.

III. RESULTS AND DISCUSSION

A. NMR spectra and motional narrowing

Before discussing our SLR NMR results in detail, we call
the reader’s attention to the static ’Li NMR spectra shown in
Fig. 2 which were recorded at different temperatures 7'. Let
us first discuss the central line of the spectrum which is also
determined by a distinct powder pattern because of electric
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FIG. 3. (Color online) (a) Motional
narrowing of the 'Li NMR central
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line of polycrystalline LiCg. Linewidths
(FWHM, full width at half maximum)
were recorded at 116 and 194 MHz. Most
likely, the field-dependent final width
in the regime of extreme narrowing re-
flects both the effect of chemical shift
anisotropy and, more importantly, the
influence of local magnetic field gradients
on the spin-spin-relaxation time; see also
Ref. 29. (b) Temperature dependence of
Avg; the upper graph shows the devia-
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quadrupolar interactions (see below). At sufficiently low T,
Li* translational motion is slow compared to the spectral
width determined by the central transition. This results in
dipolarly broadened NMR spectra. Motion-induced averaging
of dipolar interactions causes line narrowing at elevated T
[see Fig. 3(a)]. Expectedly, its overall width (full width at
half maximum) in the rigid-lattice regime slightly depends
on the strength By of the external magnetic field applied
[Fig. 3(a)]. The relatively low, absolute value is compatible
with lithium ions lying in planes with six nearest Li neighbors
at a distance of approximately 4.3 A. With increasing T mainly
Li-Li dipolar interactions are averaged due to diffusive motion
of the spins. From the motional narrowing (MN) curve an
activation energy for Li hopping can be roughly estimated with
the relation introduced by Waugh and Fedin. Line narrowing
sets in at 7T, ~ 260 K which translates into E, yn/meV =~

1.62 x T,,/K £ (.42 eV. This value is comparable with the
one deduced from the low-T flank of the NMR relaxation rate
peaks analyzed below; see also Ref. 30. An analysis according
to the Abragam formalism?®! yields an even lower activation
energy (<0.2 eV). Possible shortcomings of such analyses
have recently been outlined in the study of Faske et al. and
Storek et al 3%

At high temperatures the central line reveals a slight
anisotropic broadening which reflects the Li ions exposed to
the layer structure of LiCg. Furthermore, in this high-T range,
the NMR linewidths of the two-pulse spectra are presumably
affected by internal inhomogeneous magnetic fields?® that
arise from the nonzero susceptibility of the LiCg particles (see
also below, Sec. 111 B2).

The spectrum recorded at 353 K (see Fig. 2) revealed a small
amount of impurities as indicated by the arrow. Fortunately,
such a small amount has negligible influence on the SLR NMR
rates recorded. The signal with low intensity, that becomes
visible at elevated temperatures only, might be ascribed to
stage-n graphite intercalation compounds (GICs) such as
LiCyg, LiCy7, or LiC36.** These might be formed because of
Li loss during preparation. Small amounts of the stage-2 GIC
LiCy,, as found by XRPD (see above), could hardly be detected
by NMR. In particular, LiC,, should be distinguishable by its
different quadrupole powder pattern characterized by a smaller
coupling constant>* (see also below). Note that the spectra

200 250 300 350 400 450 500

T(K)

tions from the linear fit used to describe
Avy(T).

shown in Fig. 2 are plotted such that the central lines show
up at v = 0 kHz. When referenced to an aqueous solution of
LiCl (0.1 M), the NMR shift, i.e., the isotropic Knight shift,
turns out to be about 41.6 ppm. This is in perfect agreement
with results reported and discussed in the literature'* for LiCqg
(about 42.6 ppm),>* previously.

Owing to the interaction of the quadrupole moment of "Li
(spin-quantum number 3/2) with a nonvanishing electric field
gradient (EFG) at the nuclear site,*’*-¢ the NMR spectra
are composed of satellite intensities forming a well-defined
quadrupole powder pattern. Since the Li sites are electrically
equivalent, a single pattern is observed. From the inner
singularities (the outer ones are marked in Fig. 2 by vertically
drawn arrows) the site-specific quadrupole coupling constant
Cq = 2Avy, can be estimated; see the NMR spectrum recorded
at 228 K (Fig. 2). Assuming axial symmetry (n = 0), as
expected from the crystal structure, the quadrupole splitting
Avy is given by Avg = |e*qQ/(2h)|[3 cos*(9) — 1] where 0
denotes the angle between the ¢ axis and the external magnetic
field (in the principal axis system). e is the elemental charge,
eq represents the EFG at the Li site, Q is the quadrupole
moment of ’Li, and & denotes Planck’s constant. At the
position of the 90° singularities we obtain Avq = le2q Q/(2h)|
leading to 2Avy = le?qQ/h| = Cqy. This yields 46.2 kHz
for the quadrupole coupling constant at 295 K. Note once
again that the values given in Fig. 2, and those shown as
a function of T in Fig. 3 as well, were obtained for an
axially oriented EFG with respect to the principal axis system.
The absolute values are consistent with those from ’Li-NMR
and 8Li-8-NMR measurements in the literature.>*37 As an
example, Letellier et al3* found Avg = 22.6 kHz at ambient
temperature which is in good agreement with our value
(23.1 kHz). Using an oriented sample, Roth et al.’® report
a value of 22 kHz; in an early work of Conard et al.®
a splitting of 24 kHz is found. LiC;,, LiC;s, LiCy;, and
LiC36 show smaller quadrupole splittings Ay, ranging from
17 to 19 kHz.**

It is worth noting that the decrease of the quadrupole
splitting Avy with increasing T cannot simply be ascribed
to changes of the lattice parameters. Owing to the narrower
temperature range covered we were not able to reveal the T3/2
dependence found by B-NMR on an oriented LiCy sample.’’
Here, Avg (200 K < T < 450 K) changes linearly with 7.
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FIG. 4. (Color online) (a) Arrhenius plot illustrating the temperature dependence of the 'Li NMR relaxation rates R; (A) and R, (B)
measured at 116 and 194 MHz, respectively; R, (C) rates were recorded at 116 MHz. (b) R, of LiCg plotted as R; vs T and log,, R, vs log,, T
(inset). (c¢) Temperature dependence of the stretching factors y obtained from the various temperature-variable NMR relaxation transients;
exemplarily, selected transients M, are depicted in Fig. 5(b). For comparison, R;,(1/T) is also shown. See text for further explanations.

B. Diffusion-induced relaxation NMR
1. "Li SLR NMR in the laboratory and rotating frame of reference

In the Arrhenius presentation of Fig. 4(a) an overview of
the Li NMR relaxation rates measured is given. At first we
will briefly discuss the SLR NMR rates recorded at 116 MHz
and 194 MHz, i.e., in the laboratory frame of reference. At
low temperatures R; seems to be independent of the Larmor
frequency applied. Combined with a linear dependence of R
on temperature, this is expected for SLR being mainly induced
by coupling of the Li spins with conduction electrons. Indeed,
a power-law fit

Ry « T, 1)

indicated by the dotted line shown in Fig. 4(a), yields
k = 1.1(1). This can be even better illustrated by plotting
R, vs T: The dashed line in Fig. 4(b) represents ideal
linear behavior according to Ry = s'T* with k = 1. The inset
uses the representation log,, R; vs log,, 7T to calculate «
in the low-temperature regime with a linear fit. The latter
yields 5" =7.9(3) x 107*s7! K~! and « = 1.12(4) (cf. the
power-law analysis shown above). The product 77T turns out
to be approximately 650 &£ 15 s - K, which is in very good
agreement with the ’Li NMR result reported by Estrade et al.'*
(600 £ 120 s - K).

Above 300 K the rates R; increasingly deviate from
Ry = SyT which points to the influence of other relaxation
mechanisms owing to Li* hopping processes or (anharmonic)
lattice vibrations. A two-phonon Raman process would give
Ry o T? at temperatures T larger or similar to the Debye
temperature ®. In order to separate such background effects
from diffusion-induced processes, we extrapolated the power-
law fit of Fig. 4(a) to higher temperatures and subtracted the
rates from the overall ones measured; i.e.,

Rl,corr =R — Rl.e (2)

with Ry . & SoT*“.If we assume that the background-corrected
rates obtained are mainly influenced by Li hopping, an activa-
tion energy can be roughly estimated. Note that the rates were
recorded in the regime wyt > 1; i.e., the activation energy
E, 1, should be characteristic of short-range (or localized) Li
motions in LiCq. These might include translational processes
in LiCg with a short jump distance.” Here, we obtain 0.25(2) eV
which is very similar to the result previously estimated from
NMR line narrowing.'4

Ion dynamics proceeding on a longer length scale, however,
can only be probed when the so-called high-7 flank of the
diffusion-induced rate peak is reached. In the present case,
this needs very high temperatures. Fortunately, the spin-lock
technique can be used which is per se sensitive to slower Li
motions covering a longer time scale. Therefore, we recorded
diffusion-induced SLR NMR rate peaks at frequencies w; on
the order of some kHz instead of using wy with values in the
MHz range. Doing so, by formally replacing w with w; the
SLR NMR rate peak shifts towards lower temperature so that
both the maximum and the high-7 flank become accessible.
The corresponding rates R;,, which have been extracted from
the stretched magnetization transients recorded, are shown in
Fig. 4(a) as a function of the inverse temperature. At low
temperatures, that is, below 250 K, they are increasingly
governed by nondiffusive background effects. Note that the
ratio Ry,/R; turns out to be approximately 1.5 orders of
magnitude. Thus, besides interactions of the Li spins with
conduction electrons in the case of R; measurements (see
above), the low-T R, rates seem to be influenced by additional
processes (see below). For comparison, the corresponding
stretching factors of the various transients measured are shown
in Fig. 4(c). In Fig. 5 selected magnetization transients of the
Ri, NMR measurements are shown.

Finally, with increasing T the overall rates R;, pass
through a maximum located at 7 = 314 K. At even higher
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FIG. 5. (Color online) (a) Li SLR o NMR rates of polycrystalline
LiC¢ (see Fig. 4), plotted in an Arrhenius diagram. For comparison
with the fit according to Eqs. (3) and (4) (solid line), the dashed
line represents the 2D fit by means of Eq. (6). The dashed-dotted
line shows the purely Lit diffusion-induced contribution when
the rates are analyzed in terms of a modified BPP-type spectral
density function yielding 0.57(2) eV and g8 = 1.7(2). (b) Selected
temperature-variable magnetization transients M, (f,x) containing
the 7Li SLR NMR rates in the rotating frame of reference. The tran-
sients illustrate the behavior of M, on the high-T" flank of the
diffusion-induced rate peak shown above. Solid lines show fits
with stretched exponentials M, (fiock) o< eXp[—(tiock/ T1)™1; in this
T range the stretching factor y,, also shown in Fig. 4(c), scatters
around 0.7 [see Fig. 4(c)].

temperatures, i.e., when R;, decreases, the nondiffusive
relaxation background shows up again. In order to separate
unwanted background effects from diffusion-induced con-
tributions, the overall rates R;, were, in the first place,
approximated with a sum of a modified BPP-type relaxation
function and a power-law expression:

3D _ p3D
Ri; = Ri; qitr + Rio,ver

= C,(JQw)) + 3J(wo) + 2JQwp)) + BT (3)

with J(wi()) being here a Lorentzian-shaped spectral density
function according to

J(@ - 010)a=12 = C'te/[1 + (& - w10 Te)’ . 4)
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Note that the correlationrate 7~ !'is on the order of the jump rate
7~!. In many cases it can be described by an Arrhenius relation
containing the pre-exponential factor 7, ! and the activation
energy E, determining long-range Li diffusion

'~ v =1y exp(—Ey/ ks T); ()

kg denotes Boltzmann’s constant. Here, the best fit yields «’ =
2.0(4), thus indicating that lattice vibrations become the main
origin of background relaxation (see above). The parameter 8
reflects any asymmetry of the rate peak R;,(1/7) which may
arise from correlation effects such as structural disorder and/or
Coulomb interactions.”?! In general, uncorrelated motion
should result in a symmetric NMR rate peak; any correlation
effects, for comparison, are expected to reduce the slope on
the low-T side compared to the situation in the limit w7 < 1,
that is, the high-7 regime. In the present case we found
B = 1.7(2); thus, the diffusion-induced rate peak, indicated
by the dashed-dotted line in Fig. 4(a), is slightly asymmetric.

The activation energy E, turned out to be 0.57(2) eV; the
prefactor 7, ' is approximately 1.6 x 10'* s=!. The latter is
in very good agreement with values typically expected for
phonon frequencies. Moreover, E, ~ 0.57 eV is consistent
with the prediction of Freilinder et al.’” The value obtained
from Eq. (3) also equals the activation energy which can
be directly obtained from the high-T side of the rate peak.
Moreover, in the limit ;7 > 1, where J(w;,7) x 0 Pr!=P
holds, the corresponding slope yields E, 1o, = 0.42(2) eV. In
the present case, E, ow and E, obey the relation E, oy =
(B — 1)E,. Note that the same result is obtained when Eq. (3)
is restricted to the first term: Ry, g ¢ J(2wy).

It is worth noting that J(w) in Eq. (4) represents a
spectral density function which describes diffusive motion
in three dimensions (3D). Frequency-dependent S-NMR
measurements,”® however, indicate a low-dimensional dif-
fusion process in LiCg. Additionally, at temperatures higher
than 630 K, a 2D motional process was claimed based on
QENS measurements.’ Therefore, we also tried to analyze our
SLR NMR data with a semiempirical spectral density function
for 2D diffusion. In concrete terms, we used the expression
by Richards**#! which is based on a function introduced by
Avogadro and Villa taking account of a logarithmic frequency
dependence in the high-temperature limit wg)7e < 1.4%%
Following Kiichler et al.,** who first incorporated the effect of
correlation via the parameter g also for 2D diffusion, it reads

R%QD = RIZE, aitt T Rig, bgr
~ ChroIn[l + 1/Qo )1 + B'TY . (6)

This ansatz worked well for other layer-structured materials
showing 2D diffusion.'®!%!318 The fit, indicated in Fig. 5 by
the dashed line, yields B ~ B’ and ' ~ «”. Moreover, E2P is
given by approximately 0.62 eV and, thus, at least comparable
to the result obtained by Egs. (3) and (4). However, in the
present case, the prefactor z,,° " turns out to be unusually high;
it would be approximately 1.8 x 10'® s~!. This is by about
two orders of magnitude larger than that obtained from the
modified-BPP fit used to describe the temperature dependence
of the NMR rates (vide supra). Hence, based on the results
obtained it seems that the semiempirical Richards model
(represented by the dashed line in Fig. 5) is less appropriate to
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describe Li dynamics in LiCg. Certainly, this fact might also be
explained by nonnegligible Li hopping processes taking place
via defects perpendicular to the layers, that is, channel-like
diffusion, influencing the NMR response of a pure 2D process.

2. "Li NMR spin-spin relaxation

The results obtained from SLR NMR are corroborated by
the analysis of complementary spin-spin relaxation (SSR)
data. In agreement with the results of Egs. (3) and (4),
temperature-variable SSR measurement yield an activation
energy of 0.53(2) eV. This value can be extracted from the
rates measured as follows. Below 285 K, that is, in the so-called
rigid lattice regime, R, !'is almost independent of temperature
and amounts to approximately 125 us. Owing to averaging
of dipole-dipole interactions, because of increasing of the Li*
hopping, the rates significantly start to decrease indicating
long-range Li translational motion. Interestingly, at 400 K
they reach a plateau value characterized by R, }lﬂgh ~ 1 ms.
This feature is very similar to the one observed by McDowell
et al.* previously in the 2D H™ ion conductor ZrBe,H, 4
(ZBH). In ZBH the deviation is ascribed to long-range H
motion in the presence of a magnetic field gradient which is due
to the nonzero magnetic susceptibility of the metal hydride.
The mean-field gradient in ZBH is directly proportional to
the magnitude By of the external magnetic field applied. As
a result, the lower the Larmor frequency used the farther the
beginning of the plateau is shifted towards higher temper-
ature resulting in a decrease of R;pien. Hence, the residual
NMR (central) linewidth in the regime of extreme motional
narrowing is expected to be smaller for measurements carried
out at 116 MHz compared to those performed at 194 MHz
[see Fig. 3(a)].

Subtracting Rj pign from the overall rates measured yields
Ry corr- From the linear fit shown in Fig. 4(a) the above-
mentioned activation energy [0.53(2) eV] can be deduced.
Lastly, with the help of both R;, and R, measurements it is
possible to probe Li diffusion in LiCg at temperatures ranging
from 270 K to 360 K. This regime coincides with the operating
range for most battery applications.

C. Li jump rates and self-diffusion coefficients

Considering the maximum of the R;,(1/T) peak probed,
it is possible to precisely determine the mean Li jump rate
irrespective of the spectral density function J chosen to
parametrize the data. At 7 = 314 K, that is the temperature
where the peak shows up [see Fig. 5(a)], for SLR NMR
in the rotating frame of reference the condition w7, = 0.5
holds.” Identifying 7. with the motional residence time of an
Li spin and inserting w; = 27w x 10(1) kHz, we obtain 7, &
T = 8 us. According to the Einstein-Smoluchowki equation,*®

Dyp = a*/(2d - 1), (7

this corresponds to D,p(314K) ~ 1.9 x 107! cm? s=! and
Dsp(314 K) =~ 1.3 x 107" cm? s~'. Here, we used a ~ 3 A
as a good approximation for a mean jump distance and
calculated the diffusion coefficient for both spatially restricted
and nonrestricted motion, i.e., for d = 2 or d = 3, whereby d
represents the dimensionality of the diffusion process.

PHYSICAL REVIEW B 88, 094304 (2013)

In Fig. 6(a) the jump rate determined by means of the Li™"
diffusion-induced R, (1/T ) rate peak is shownin an Arrhenius
plot and compared with those values which can be estimated
from (analogous) 3Li B-NMR measurements of Freilinder
etal.” Although 8Li NMR was carried out on oriented (HOPG)
LiCg samples good agreement is found. For comparison,
the solid line represents an Arrhenius line characterized by
an activation energy of 0.55 eV, which represents the mean
value when the results from R, and R, are considered. The
gray area indicates the temperature range covered by Li't
diffusion-induced R, measurements. From the Arrhenius line

indicated a prefactor 7, ' can be estimated (~1 x 10'*s7!)
which is consistent with that obtained from the analysis
of the Ri,(1/T) NMR peak with a BPP-type expression
(vide supra).

Besides R, measurements also R, (and motional line
narrowing as well) is suitable to estimate Li jump rates.
At the temperature where the rates R, start to decrease
[T ~ 294 K; see Fig. 4(a)] the Li jump rate is expected to
be on the order of T~ & 27 Ry with R,y = Ty = 140 us
being the rigid-lattice SLR NMR rate. This yields v = 22 us.
Even slower motions can be estimated from the onset of
motional line narrowing; in the present case NMR central
lines significantly start to decrease in linewidth at 7 ~
250 K. Roughly spoken, this is expected when 7 reaches
values on the order of a few ms. Additionally, the inflexion
point (Tipg, = 275 K at 116 MHz) of the whole motional
narrowing (MN) curve (see above, Fig. 3) can be used to
estimate T according to T ' (Tjg) ~ 2wy with vy being
the rigid-lattice linewidth (&3.5 kHz). For comparison, the
values estimated from SSR NMR and MN are also included
in Fig. 6(a).

It is worth noting that in the presence of a broad distribution
of jump rates [note that such a feature would also be reflected in
a deviation of 8 from BPP-type behavior (8 = 2)], the NMR
line narrowing would be predominantly influenced by that
fraction of ions diffusing faster compared to others. Hence,
as indicated above, the interpretation of MN NMR data can
easily lead to an overestimation of the mean lithium jump
rate and an underestimation of the activation energy; see, e.g.,
Refs. 32 and 33. For comparison, activation barriers ranging
from 0.1 and 0.3 eV have been calculated for different types
of interstitialcy diffusion mechanisms in LiCg.?

Finally, considering the rates shown in Fig. 6(a), at room
temperature (293 K) the Li jump rate turns out to be
4.5 x 10* s~!. This corresponds to a self-diffusion coefficient
on the order of 5 x 10712 cm? s~! at 293 K. Decreasing the
temperature from 293 to 268 K (-5 °C), Li self-diffusivity is
slowed down by a factor of 10. Such key figures are crucial for
the safe and efficient operation of graphite-based ion batteries.
In particular, at freezing temperatures the performance of a
battery is then additionally limited and controlled to a large
extent by slow Li diffusion within the host material. It is
noteworthy that room-temperature self-diffusion coefficients
ranging from 107'® m? s~ to 1015 m? s~!, as found for LiCs
here, are comparable to those recently obtained by NMR also
for layer-structured cathode materials such as Lig~g7TiS,.!°
Thus, regarding Li self-diffusion in fully intercalated stage-1
LiCe, Li ion mobility does not exceed that of conventional
cathode materials.
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FIG. 6. (Color online) (a) Arrhenius plot of Li jump rates in LiC¢ deduced from various NMR techniques being sensitive to translational
ion jumps on quite different time scales, here, covering up to five decades. SLR NMR rate peaks provide a relatively theory-independent
determination of jump rates. The rates determined by S-NMR were deduced from Ref. 7. See text for further explanation. (b) Comparison of
the rates shown in (a) with those obtained from QENS (Ref. 5). The diffusion coefficients from QENS reported by Magerl et al. (Ref. 5) have
been roughly converted into jump rates T~ (triangles in black) via the Einstein-Smoluchowski equation [see Eq. (7)] assuming, as suggested
in Ref. 5, 2D diffusion and a relatively long jump distance a of approximately 4.26 A. Using a ~ 3 A, which is close to the average of possible
jump distances in LiCs, yields the rates shown by gray triangles. a = 2.5 A, which is the jump distance for an interstitial migration mechanism
(Refs. 22 and 45), yields an even better agreement. The crosses represent jump rates from B-NMR presented in Ref. 8.

Strictly speaking, the results presented here should not
be mixed with chemical diffusion coefficients which have
been experimentally probed via (solid-state) electrochemical
macroscopic method as well as calculated (4 x 1072 m?s!,
E,~ 0.4 ¢eV) recently for 2D (in-plane) Li* motion in
LiCs.*7 Interestingly, the results of the theoretical work
by Toyoura et al.*® on ordered LiCs agree well with the
present findings. Activation barriers for Li migration, which
were calculated separately for the vacancy and interstitial Li
migration process, turned out to be approximately 0.5 eV;
see also Ref. 22. The corresponding (in-plane) diffusion
coefficients are 1071* m? s~! and 10~'5 m? s~!, respectively.
Apart from this good agreement, the present results are in
line with those from earlier experimental studies; see, e.g.,
Ref. 48 for an overview of Li (chemical) diffusion coefficients
determined for various carbon anode materials. Note that by
the application of NMR spectroscopy we were able to study
Li ion dynamics separately from electron dynamics in mixed
conducting LiCs. While the latter influences the SLR NMR
rates recorded at low temperatures, with increasing 7" diffusive
motions significantly govern spin-lattice relaxation while other
interactions relatively lose ground. These show up once again
at temperatures higher than 400 K.

As a last comparison, in Fig. 6(b) data from the QENS
study of Magerl et al.,’ pointing to an in-plane 2D jump-
type diffusion mechanism, are included. The self-diffusion
coefficients deduced from QENS have been roughly converted
into jump rates according to Eq. (7). Here, we used both
a ~ 4.26 A as found by QENS for the 2D diffusion process
and a ~ 3 A, which is a good approximation for the average
of possible jump distances. Considering the error limits and
the narrow temperature range covered by the earlier study,’

in our opinion, a relatively good agreement is found with the
results obtained from NMR. The solid line is to guide the
eye and refers to an Arrhenius law with £, = 0.54 eV and
T, ''=5 x 10" s~ which is very similar to that shown in
Fig. 6(a). To sum up, over a relatively broad dynamic range a
single Arrhenius relation seems to be appropriate to describe

Li diffusion in ordered LiCg.

IV. CONCLUSIONS AND OUTLOOK

Spin-lattice relaxation NMR using the stable isotope ’Li
was applied to probe room-temperature Li dynamic parameters
in polycrystalline, mixed conducting LiCg¢ being the most
widely used anode material. As deduced from atomic-scale
NMR measurements Li hopping in the bulk is characterized
by an activation energy of approximately 0.55 eV and an
Li self-diffusion coefficient of 1075 m? s~ (295 K), thus,
comparable to Li self-diffusivity in layer-structured transition
metal sulfides and oxides serving as positive electrodes in
lithium-ion batteries.

The results obtained from the different NMR techniques
employed are in good agreement with previous studies’:®
using 8Li B-NMR to probe diffusion parameters at elevated
temperatures. Most importantly, the jump rates can be well ap-
proximated with a single Arrhenius law which is determined by
an activation energy of approximately 0.55 eV and a pre-factor
on the order of typical phonon frequencies, viz., 10'* s=1. On
that note the present study updates our knowledge on Li self-
diffusion in LiCg. It is noteworthy that the activation energy
probed by NMR is in fair agreement with calculated barrier
heights (0.5 eV) by Toyoura et al.¥® for both the in-plane
vacancy and interstitial Li migration mechanism. Even the
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chemical diffusion coefficients reported by Toyoura et al. ¥
(viz., 107" m? s~! and 10~ m? s~! for the interstitial and
vacancy mechanism, respectively) agree with the present
findings.

Considering solely “Li NMR rates, it is difficult to judge
whether the diffusion process probed is strictly governed by
2D diffusion. The present results are in very good agreement
with those probed by orientation-dependent and frequency-
dependent SLR 8Li B-NMR measurements on highly oriented
pyrolytic graphite. The S-NMR results indeed gave strong
evidence for low-dimensional lithium diffusion.”® Fair agree-
ment is also found with results from QENS probing in-plane
diffusion in the ordered phase of LiCg.> Recent theoretical in-
vestigations also strongly point to high lithium-ion diffusivity
in the direction parallel to the graphene layers and to much
slower interlayer hopping, that is, motion across the basal
plane.’

However, though there are convincing reasons to claim
even microscopic Li diffusion as purely low-dimensional
in LiCq, the semiempirical SLR NMR model introduced
by Richards for 2D motion seem to be less adequate to
satisfactorily describe the temperature dependence of the "Li
NMR R;,(1/T) rate peak probed here. The applicability
of a modified BPP-type relaxation model, see, e.g., the

PHYSICAL REVIEW B 88, 094304 (2013)

previous work by Kiichler et al.,** might indicate a small,
but nonnegligible, influence of interlayer hopping process on
the diffusion-induced SLR NMR rates.

To shed further light on the Li dynamics in LiCg, the
application of NMR techniques being able to directly record
motional correlation functions might be beneficial. For in-
stance, considering the temperature range below 300 K, this
should be possible via the generation of Jeener-Broekaert
NMR echoes*® with the so-called spin-alignment echo (SAE)
technique.’*3 In general, SAE (or stimulated echo) NMR is
sensitive to extremely slow translational and rotational jump
processes.>*¢0
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3.2 Ultraslow Li Ion Conductors

In many technical applications, e.g., electrochemical systems such as fuel cells or secondary Li
ion batteries, ion transport is the limiting, rate-determining factor for conversion and storage of
energy. When working with doped materials, e.g., in semiconductor systems, low, or rather no
diffusivity of the guest species is advantageous. The same holds for blanket materials used in
nuclear fusion technology, where a controlled mediation of tritium release is needed. For this
purpose, lithium metalates such as Li,TiO;, Li,ZrOs or Li,SnO; are required due to their slow
Li conductivity. So beside the need to advance in the field of materials exhibiting high Li mobil-
ity, as it is necessary for the application as solid-electrolytes, it is also of interest to understand
the Li self-diffusion parameters in materials with low Li diffusivity. Lithium metalates such as
LiNbOs;, LiTaOs, Li,TiOs or Li,ZrO; are a few examples of interesting model systems that have
been extensively studied via microscopic and macroscopic characterization techniques. In the
next two contributions (M2, M3) Li diffusion is studied in Li,SnOs.

Another model system, single crystalline LiAlO,, is studied in P3 by means of electrical con-
ductivity measurements and dynamic mechanical analysis (DMA). Li relaxation rates were
derived from both techniques and directly converted into diffusion coefficients via the Einstein-
Smoluchowski equation (cf. equation (2.9)). In the past, mechanical detection of ionic motion
has been successfully applied to mixed-ion conducting glassy systems [22,108,109]. To our
knowledge there are no reports on comparative studies of electrical and mechanical relaxation

characterizing long-range Li ion motion in single crystalline Li ion conductors so far.
3.2.1 Li" Exchange and Long-range Dynamics in Li>SnO3

In the first part M2, we take a closer look at local Li environments and Li exchange pathways
between the three crystallographically distinct sites. Despite the simple, monoclinic-type struc-
ture composed of alternating Li and LiSn, layers, we found a rather complex and interesting
diffusion behavior which can be described to be of heterogeneous nature due to the defect
structure induced by the mechanochemical synthesis procedure. Slow Li exchange was investi-
gated via 2D EXSY NMR (cf. section 2.3.2) The appearance of off-diagonal intensities indicates
chemical exchange between the respective sites during a certain mixing time t.. If this experi-
ment is recorded at various mixing times, site-specific jump rates can be determined. Since the
pioneering work of Xu et al. [72] on diamagnetic Li;SiO4, most 2D EXSY studies focused on
paramagnetic Liion conductors. In the case of paramagnetic materials we find short spin-lattice

relaxation times and large hyperfine shifts due to Fermi contact interaction; which is why 1D
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and 2D MAS experiments are much easier to carry out. The distinct Li positions can therefore
be more easily resolved than in diamagnetic structures like Li,SnOs. Still, we were able to resolve
three distinct Li sites within a spectral range of 1 ppm via variable-temperature ‘°Li MAS NMR
and quantify exchange rates via the application of the selective 1D inversion NMR technique.
Together with the 2D EXSY NMR experiments, the results point towards a preferred Li hop-
ping perpendicular to the ab-plane, which is governed by the vacancy distribution in the LiSn,-
layer. Studies such as the one presented in here are very rare.

In the second paper manuscript M3, we studied the elementary steps of slow Li self-
diffusion on an extended hopping timescale down to the Hz range, taking advantage of NMR
spin-lattice relaxation measurements in the laboratory and rotating frame of reference along
with SAE NMR. Damping of the echo amplitude is mediated by slow Li jump processes. In
contrast to conventional SLR techniques, SAE provides direct access to hopping rates as the
echo decay rate 1/7saecorresponds to the correlation rate, i.e. the mean Li jump rate of one Li
atom. Only with the help of this technique a self-diffusion coefficient in the order of 1072° ms™
can be accessed for ultra-slow ionic motion at room temperature. Activation energy and jump
rates deduced from SAE corroborate the SLR measurements. In contrast to long-range dynam-
ics probed by SAE, SLR measurements are sensitive only to short-range motion. A good agree-
ment between the values for dynamical parameters points to similar diffusion mechanisms on a
microscopic and macroscopic length scale. Furthermore, a strong dependence of Tsae on the
echo evolution time underlines the heterogeneous dynamics, which was also found in the pre-
viously presented °Li MAS NMR experiments. Overall both studies draw a comprehensive pic-
ture of complex, heterogeneous dynamics with preferred diffusion pathways. However, all the

geometrically different pathways exhibit similar activation energies for Li diffusion.
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Abstract

The development and engineering of new materials for modern electrochemical energy stor-
age systems requires an in-depth understanding of Li ion dynamics, not only on the macro-
scopic length scale, but also from an atomic-scale point of view. Hence, the study of suitable
model systems is indispensable if we want to understand the complexity of non-model sys-
tems already applied, e.g., as active materials in rechargeable batteries. Here, Li,SnO; served
as such a model system to enlighten the elementary steps of ion hopping between the three
magnetically distinct Li sites. Via high-resolution 1D and 2D NMR we were able to probe the
favored exchange pathway. Both 1D and 2D NMR point to non-uniform ion dynamics and
two independent exchange processes perpendicular to the ab-plane, viz. between the sites
4e (Li(3)) and 8f (Li(1)) as well as 4e and 4d (Li(2)). °Li selective inversion NMR confirmed ex-
tremely slow Li exchange and yielded hopping rates in the order of 3 s7' for 4e-8f, and 0.7 s™'
for 4e-4d. Altogether, the findings give evidence for a 3-site, 2-exchange model describing Li
hopping along the c-axis rather than in the Li-rich ab-plane as one would expect at first
glance. This unexpected result can, however, be understood when the site preference of Li

vacancies is considered. Recent theoretical calculations have predicted the preferred for-



mation of Li vacancies at the Li(3) sites. This allows for localized Li ion exchange involving

Li(3); thus, perfectly corroborating the present findings by °Li MAS NMR.

keywords: solid-state NMR, oxides, diffusion mechanisms, Li migration pathways, slow mo-

tions

1. Introduction

The study of Li ion dynamics is of fundamental interest in the various sub-disciplines of mate-
rials research. Besides hydrogen, Li* is the lightest and, thus, most mobile cation. Fast Li ion
conductors are of particular interest in Li-based energy storage systems such as rechargeable
Li ion batteries, solid-state lithium batteries as well as lithium-oxygen or lithium-sulfur batter-
ies.”® On the other hand, slow ion conductors are needed, for example, in semiconductor or
nuclear fusion research where Li metalates, such as Li;TiOs, Li»ZrOs; or Li»SnOs, serve as promis-
ing candidates to realize suitable blanket materials:”® Li is involved in the conversion of neu-
trons and tritium breeding as the tritium effusion rate is linked to Li ion diffusion.’

From a fundamental point of view it is necessary to gain a profound picture of the underly-
ing Li ion exchange mechanism in order to purposefully develop new Li ion conductors.>'*'?
Understanding diffusion dynamics requires not only to study macroscopic properties but also
to reveal what is behind long range ion transport, i.e., to identify the key elementary steps of
Li* hopping.'>™ In ideal cases they can be probed in great detail by nuclear magnetic reso-
nance (NMR) spectroscopy which offers a large portfolio of techniques being able to measure

(bulk) jump rates covering a broad time and length scale.'®'>'
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Figure 1. a) Crystal structure of monoclinic Li;SnO; (C2/c). In b) the three distinct Li sites and the two
magnetically inequivalent Sn sites are highlighted. Pure Li layers constituted by Li(1) on 8f and Li(2) on
4d sites alternate with LiSn, layers, where Li(3), along with Sn(1) and Sn(2) ions are located on 4e. Li and
Sn atoms are octahedrally coordinated by oxygen (cf. a) and b)). The LiOs-polyhedra share common
edges and build a 3D network for Li* self-diffusion. Li ions may hop between the regularly occupied
positions via the empty tetrahedral sites T1, T2, and T3 (see b)); see text for further discussion of the
possible Li hopping pathways that differ because of the size of the tetrahedral sites and the repulsive

interactions with neighboring SnOs octahedra.

In particular, the study of diffusion mechanisms also includes the investigation of extremely
slow ion dynamics via exchange spectroscopy and stimulated echo NMR, for instance.'®'%%
Considering recent studies on this topic, Li ion dynamics has already been studied for Li,TiO;
and Li»ZrOs via both °Li and ’Li NMR as well as broadband conductivity spectroscopy (CS).2%
These materials are structurally similar to Li,SnO; as they all crystallize in the same monoclinic

space group C2/c, i.e., in a pseudo NaCl-type lattice (see Fig. 1).%%° In Li,ZrO; there are two
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crystallographic inequivalent Li positions while the 3-modification of Li,TiO; shows three dis-
tinct Li sites; the same is true for Li,SnOs. So far, the corresponding three Li NMR lines have
not been resolved by NMR. In a recent study by Salager et al. focusing on Li>Ru;.,SnyOs-type
positive electrode materials, the “Li MAS NMR spectrum of the end member Li,SnOs, which
was recorded at 17.6 T, showed two sharp signals with relative intensities of 28 % and 72 %;
the latter was anticipated to be composed of two NMR lines with very similar chemical
shifts.*®

The Li jump rates measured for the analogous compounds Li>ZrOs and the Li,;TiOs are very
low; values are in the order of 60 jumps per hour for the metazirconate? (310 K), and amount
to be approximately 60 jumps per second for the metatitanate®* (350 K). Li ion exchange in
Li,TiOs is anticipated to occur in the ab-plane and along the c-axis, provided suitable nearby
vacancies are available.*** Slow, long-range Li diffusion processes were investigated by
Ruprecht et al. via CS and ’Li spin-alignment echo NMR; depending on the length scale used
to acquire the data activation energies of ca. 0.8 eV and 0.47 eV, respectively, were obtained.”

Despite of the prior investigations on lithium metalates, there is, so far, no detailed picture
of Li ion motion or of the preferred Li* diffusion pathways in Li.SnOs. Site-specific Li* hopping
can be made visible via 1D and 2D °Li MAS NMR exchange spectroscopy (EXSY).3'* In order
to obtain quantitative results regarding exchange rates and local energy barriers this often
results in extremely time-consuming measurements lasting many days or even weeks. In par-
ticular, this is the case when diamagnetic materials with very long longitudinal NMR relaxa-
tion rates have to be studied.” Therefore, as an alternative, 1D selective inversion NMR pro-
vides a more time-saving means to collect information on Li ion exchange processes.*®
Here, in combination with 1D and 2D °Li NMR experiments this greatly helped us getting to
the bottom of ion dynamics in polycrystalline Li,SnOs. By using MAS NMR at fast spinning
speeds we were able to resolve the three magnetically inequivalent sites in the oxide, and, in
the absence of Li motion, to accurately determine the individual site occupancies. Our 2D

MAS EXSY NMR experiments shed light on the nature of the relevant (local) Li ion exchange



processes; the data obtained provides a valuable basis for the more complete analysis via 1D

(shaped-pulse) selective inversion NMR, which is presented in the last section of this study.

2. Experimental
Sample preparation and characterization

Li,SnO; was prepared by mechanochemical treatment of stoichiometric amounts of SnO, and
Li,COs via a conventional solid state reaction route®. In a first step the powders were ground
at 600 rpm for 15 hours in a high-energy planetary ball mill (Fritsch Pulverisette 7, premium
line). The mixture was then calcined at 1073 K for six hours. Afterwards the powder was
pressed into pellets and then sintered for 12 h at 1273 K in air, yielding transparent crystal-
lites. Phase analysis of the powder via X-ray diffraction (XRD) was carried out on a Bruker D8

Advance diffractometer with Bragg-Brentano geometry using Cu K, radiation.

1D NMR /2D EXSY NMR

Variable-temperature °Li 1D as well as 2D MAS NMR spectra were recorded on an Avance |lI
solid-state NMR 500-MHz spectrometer connected to a cryomagnet with a nominal field of
11.7 T; that corresponds to a °Li resonance frequency of 1, = 74 MHz. A standard Bruker 2.5
mm H/X probe was used; the rotation frequency was 30 kHz. Cooling of the sample was
achieved via evaporating liquid nitrogen by means of a heat exchange coil. The 1D NMR
spectra were recorded in a single-pulse excitation experiment; they were referenced to solid
lithium acetate (6 = — 0.1 ppm) serving as secondary reference. The primary reference was an
1M aqueous solution of lithium chloride (6 = 0 ppm). Typically, a solid pulse of 3.2 us length
and recycle delays between 360 s and 3600 s were used to ensure full longitudinal relaxation.
In all experiments temperatures were calibrated using the °Br resonance in KBr as a chemical
shift thermometer.*

9Sn spectra were acquired at room temperature using a high-performance Bruker Avance

Il 900-MHz spectrometer with a nominal field of 21.1 T (1, = 336 MHz). The 1D MAS spectra



recorded at ultra-high magnetic field were acquired in a one-pulse experiment employing a
pulse length of 3 ps and a recycle delay of 60 s. Experiments were carried out at various spin-
ning rates, viz. 0 kHz, 3 kHz, 5 kHz, 10 kHz, 20 kHz and 30 kHz; the corresponding spectra were
referenced to solid SrSnO;, which resonates at — 640 ppm.*' The spinning sideband manifolds
were analyzed with the DMFit software* in order to determine chemical shift anisotropy
(CSA) parameters.

A NOESY pulse sequence was employed to record the °Li 2D NMR spectra at mixing times
(tm) of 0.1 and 1 s. The sample was spun at an MAS speed of 30 kHz using ambient bearing
gas. For the spectrum with t., = 1s we employed time domains (TD) of 128 data points (dp) in
the F1 direction and 1024 points in the F2 direction. The 2D NMR spectrum at t,, = 0.1s was
recorded with TD(F1) = 32 dp, and TD(F2) = 512 dp. Acquisition of the spectra was performed
in both experiments using dwell times of 250 ps, a recycle delay of 120 s, and 32 scans. Since

the NMR spin-lattice relaxation time T; is much larger than the time period determined by tn,

that is, T, >> 1, a saturation comb, consisting of up to 16 closely spaced 90° pulses, was used

allowing relaxation delays shorter than 5 x T;.

1D selective inversion NMR

One-dimensional selective inversion experiments under MAS conditions were also performed
on a Bruker Avance Il spectrometer operating at a °Li Larmor frequency of 74 MHz; the rota-
tional speed was 30 kHz. A Bruker 2.5 mm triple resonance probe was used in all experiments.
Cooling of the sample was achieved via fresh evaporation of liquid nitrogen using a heat ex-
change coil. The 1D NMR spectra were obtained using a one-pulse experiment with a (90°)
solid pulse of 5 ps and recycle delays ranging from 160 s to 300 s; the spectra were referenced
to a solution of 1M ®Li-enriched LiCl (§ = 0 ppm). °Li NMR selective inversion recovery spectra
were acquired using a 180° — Tmix — 90° sequence, where a long, soft 180° Gaussian-shaped
pulse* was 25 ms in length with a soft pulse power of 0.0154 W. The mixing time Tnix was

varied across a series of experiments; it was chosen to range from 0.05 ps to 100 s. A hard 5



us pulse was used to acquire the final signal. Temperatures were calibrated with Sm,Sn,0; as
described elsewhere.* Deconvolution and integration of the pseudo-2D data sets was done
with a Mathematica notebook developed by D. Brouwer (Redeemer University, Canada). Each
integral was normalized to the integration value of the slice collected at the longest mixing
time for the inverted site. The data was analyzed using the CIFIT program developed by A. D.
Bain.** The program uses the observed areas for all sites in the NMR spectrum as a function of
mixing time in order to determine a set of parameters: lithium ion jump rates (k), the

spin—lattice relaxation times (T;) in the absence of chemical exchange, as well as the differ-

ence in magnetization between initial (Mi(0)) and equilibrium (Mi(»)) conditions. CIFIT utilizes

a rate matrix that describes the relaxation of spins under the influence of chemical exchange,
as described in greater detail elsewhere.** The program adjusts the free parameters using a
Levenberg—Marquardt algorithm until the sum of the squares of the differences between the

experimental and calculated data is minimized.

3. Results and Discussion
Structural characterization via XRD and °Li NMR

According to the structure refinement of Hodeau and Marezio® Li,SnOs crystallizes with dis-
torted NaCl-type structure having monoclinic symmetry (C2/c). Oxygen forms a distorted
cubic close-packed network where fully occupied Li layers with Li(1) and Li(2) in 8f and 4d
position alternate with LiSn; layers. In these layers the Li ions Li(3) and the two crystallograhi-
cally inequivalent Sn ions, Sn(1) and Sn(2), share the octahedral 4e position (see Fig. 1). It is
known that the layers can show complex stacking disorders along the c-axis.?****” At temper-
atures being equal or higher than 1273 K a high-T (HT) phase of Li,SnO; forms. The corre-
sponding XRD powder pattern is used as a reference which is compared with our sample in
Fig. 2. Since we observed additional line broadening of the XRD reflections we cannot rule

out some stacking faults along the c-axis.*’
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Figure 2.: a) XRD powder pattern of Li,SnOs after annealing at 1273 K (shown in black). Reflections
marked with triangles can be assigned to a small amount of (Li-free) SnO,. The Li,SnOs-reference (ICSD-
35235) is shown in red. b) the corresponding SLi MAS NMR spectrum (B, = 11.7 T); in order to avoid the

effect of Li exchange on the three lines observed it was recorded at sufficiently low T, i.e., at 285 K.

According to the crystal structure of Li,SnO; there should be two slightly different crystallo-
graphic positions for Sn (cf. Fig. 1); the two Sn ions share the 4e position but differ in lattice
parameters y/b and z/c, respectively. Even by the use of high-field '°Sn MAS NMR at 21.1 T we
were, however, not able to resolve the two lines. Instead a single resonance, as can be seen in
Fig. 3, is seen even if we raise the spinning frequency up to 30 kHz. Nevertheless by recording
9Sn NMR spectra at various spinning speeds we were able to gain information on the (aver-
age) local tin environment, which is reflected by simulating the isotropic chemical shift &,
the anisotropy ncs and axiality A, the “reduced anisotropy”, of the chemical shift anisotropy
(CSA) tensor. The latter is defined by the relation A = 8,,— &s. The anisotropy parameter indi-

cates by how much the line shape deviates from that of an axially symmetric tensor. In Fig. 3



our static '"Sn NMR spectrum is characterized by ncs = 0.36; A lies between 44.7 and 47.5
ppm. The *Sn NMR spectra recorded at high spinning speeds point to ds, = — 445 ppm.
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Figure 3. '"°Sn NMR spectra (v = 336 MHz) of HT-Li,SnOs recorded at different MAS frequencies (3 - 30
kHz) and an ultra-high magnetic field B, of 21.1 T. Asterisks denote spinning sidebands. For compari-

son, the static NMR spectrum is also shown.

Variable-temperature 1D °Li MAS NMR spectra

The structure of Li,SnO; provides three crystallographically and, thus, magnetically inequiva-

lent Li sites, which are each characterized by site-specific NMR chemical shift values. The ran-



dom distribution of Li and Sn cations might lead to a distribution of chemical shifts according
to the small variations of local structures.

All three Li sites have an octahedral coordination where Li(1)Os and Li(2)Os, being con-
nected by sharing common edges (see Fig. 1), have very similar nearest-neighbor distances.
Therefore, they are expected to exhibit very similar °Li NMR chemical shifts. Indeed, the 1D °Li
MAS NMR spectrum recorded at 11.7 T and sufficiently low T (see Figs. 2 and 4) is composed
of three well-resolved lines labeled as Li(3)a, Li(2)s and Li(1)c. In earlier studies it was not pos-
sible to resolve three NMR lines corresponding to the different Li environments.* In accord-
ance with a CASTEP simulation of chemical shift parameters, signal Li(3)s (0.51 ppm, 285 K) is
assigned to Li(3), while the crystallograhically more similar sites Li(2) and Li(1) appear at
chemical shift values of — 0.48 and — 0.63 ppm (285 K). In Li,SnO; with ideal stoichiometry
Li(1) constitutes 50% of the total number of Li ions present, and 25% are distributed each
among the Li(2) and Li(3) sites. In fact, at 285 K, the ratio of the corresponding areas is 0.93 :
0.96 : 2, which is in very good agreement with the distribution expected. As can be easily
shown by static, variable-temperature “Li NMR line shape studies, at 285 K, which characteriz-
es the rigid-lattice regime, Li ion diffusivity is extremely slow.* At such low temperatures the
average Li* jump rate is much lower than the spectral separation of the NMR lines Li(3)x and
Li(1)c. For that reason the °Li MAS NMR spectrum is unaffected by any Li ion exchange pro-
cesses meaning that the areas under the lines are expected to approximately reflect the pop-

ulation of the three distinct Li sites.

10
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Figure 4. Evolution of the 5Li MAS NMR spectra (v = 74 MHz) of Li,SnOs with increasing temperature.
Areas of the NMR lines Li(3)a, Li(2)s, Li(1)c corresponding to the spectrum recorded at 285 K are illus-
trated at the bottom. The triangles indicate the effect of coalescence due to Li(3)-Li(1) exchange. See

text for further discussion.
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At T= 312K a “shoulder” emerges in the 1D °Li NMR spectrum that is located at ca. — 0.2 ppm;
it significantly gains in intensity when temperature is increased to 348 K. Simultaneously, the
intensities of lines Li(3)a and Li(1)c decrease considerably. Importantly, signal Li(2)s remains
almost affected by any coalescence as compared to the lines assigned to Li(1) and Li(3). This
points towards enhanced Li ion exchange between the Li(1) and Li(3) sites. Li(1)-Li(3) ex-
change means that local Li ion hopping perpendicular to the ab-plane is more frequently as
compared to jumping between the sites Li(1) and Li(2) (see Fig. 1). Because the spectral sepa-
ration of the lines Li(1) and Li(3) is ca. 84 Hz, we estimate that the corresponding hopping rate
of the Li(1)-Li(3) exchange is in the same order of magnitude. On the other hand, the Li(2) ions
seem to be less involved in Li* self-diffusivity, at least if we consider the regime of slow ion
dynamics.

At this stage, any exchange processes between Li(1) and Li(2), as well as Li(2) and Li(3),
cannot be excluded. The 1D NMR data, however, give evidence that ion hopping between
Li(1) and Li(3) is energetically favored. This is an unexpected result since Li(1) is located in the
Li-rich layer and Li(3) is the site which is sixfold coordinated by Sn in the Li-Sn layer. Before we
will discuss the relevant hopping pathways that connect the three Li sites via the various tet-
rahedral voids in Li>SnO; (see Fig. 1), we should take a closer look at the evolution of the 1D
spectra with temperature, i.e., the coalescence of the NMR lines.

The position of the line affected by coalescence is directly linked to the occupancies of the
sites involved. As the population of Li(1) is double of Li(2) and Li(3) it is shifted towards signal
Li(1)c, i.e., negative ppm values. The shift of the resulting line assuming full coalescence can
be calculated according to: 8cea = fi - &1 + fo- & + f5 - &5 with fi3 representing the individual
(normalized) populations (fi + f, + f; = 1) and &3 the corresponding site-specific chemical
shifts unaffected by any exchange processes. Fast exchange between all three sites would
result in dwa = —0.31 ppm. In our 1D spectrum we find &oai,exp = — 0.19 ppm (348 K). This value
would be in good agreement with a calculated value of & =— 0.15 ppm which is obtained if
we assume Li ion exchange mainly between Li(1) and Li(3).

Interestingly, the resonance lines do not fully coalesce even if the temperature is raised to

12



348 K. The fact that coalescence of the NMR lines covers a broad temperature range might be
interpreted as heterogeneous Li ion dynamics in Li,SnOs, controlled by the low number
density of vacant Li sites present. For some of the Li ions a spatially heterogeneous
distribution of Li vacancies might result in a limited capability to jump between next
neighboring sites; efficient exchange is only possible in those regions with a sufficiently large
number of vacancies accumulated. As will be discussed below, recent calculations have
shown that Li vacancies will form preferably on the Li(3) sites. This preference is expected to
make out the main hopping exchange process (see below).

In the extreme a heterogeneous ion dynamics might be due to a clustering effect of va-
cancies. Such a behavior could stem from the mechanochemical synthesis procedure where
the high mechanical impact forces lead to defect-rich structures.*=? Even if annealed at high
temperatures, at which defects are usually cured, such regions might leave its fingerprints —
although much less pronounced — in the crystalline product obtained finally. Slight devia-
tions from ideal stoichiometry could greatly influence the dynamic parameters.

Partial and very slow Li diffusion was also deduced from results of a combined °Li and “Li
NMR study on isostructural Li,TiOs.** Heterogeneous ion dynamics was attributed to a slight
deviation in Li stoichiometry sensitively influencing the vacancy concentration. Worth men-
tioning, molecular dynamics (MD) simulations have shown that diffusion in both the ab-plane
and along the c-axis is equally probable in Li,TiO;, the exact diffusion properties, however,
depend on the location of any Li vacancies formed.*

For the sake of completeness, we could definitely rule out the possibility of structural rear-
rangements, e.g., polyhedra distortion or formation of new, even amorphous, phases during
our NMR measurements that have been restricted to temperatures well below 400 K. In-situ
XRD data shows no evidence of any reversible or irreversible structural transformation occur-

ring in this temperature range.*®
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2D°Li EXSY NMR

In order to refine the picture seen via 1D MAS NMR, we used 2D EXSY NMR to visualize Li ex-
change in contour plots. 2D EXSY NMR is perfectly suited to directly study exchange process-
es via the analysis of cross-signals (off-diagonal) intensities. Off-diagonal intensities in the
corresponding contour plots result when jumps between magnetically inequivalent sites
occur during the mixing time t,, chosen. In perfect agreement with our °Li 1D NMR spectra Li
exchange between Li(3), and Li(1)c is clearly seen already at a short mixing time of only 100
us. In addition to °Li NMR, we were able to reveal further cross-peak intensities indicating a
second site exchange process between Li(3)a and Li(2)s. The corresponding signal is even
more pronounced when a mixing time of 1 s was applied. This definitely proves that the ex-
change rate associated is much lower. Since the signals Li(2)s and Li(1)c are close to each oth-
er on the ppm scale (6 = — 0.48 ppm, & = — 0.63 ppm, ), signal overlapping masks Li ion ex-
change between the neighboring Li(2) and Li(1) sites in the Li-rich layer. The fact that no coa-
lescence of lines Li(2)s and Li(1)c is seen points to a very slow diffusion process as compared
to Li(3)-Li(1) and Li(3)-Li(2), respectively. In summary, 2D EXSY nicely corroborates the find-
ings from 1D NMR; furthermore, it definitely refines the picture derived from the line shape
analyses by revealing that overall coalescence is due to two individual two-site hopping pro-
cesses whereby the Li(3)-Li(1) exchange is faster than that describing hopping between Li(3)
and Li(2).

14
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Figure 5. 2D °Li NMR exchange spectra (v = 74 MHz, T= 323 K) recorded at two different mixing times
tm:a) 0.1 sand b) 1 s. Off-diagonal cross-signals (in red) indicate Li ion hopping perpendicular to the ab-
plane in Li,SnO:s. In-plane exchange via Li(1) and Li(2) is hardly seen because of the small spectra dis-

tance of the corresponding NMR lines which is only 0.15 ppm (11 Hz) at 285 K, see Fig. 2.

The site-preferences of local Li ion hopping, as derived from 2D EXSY NMR, might be under-
stood by considering the crystal structure and local environment of the three Li sites: ex-
change between filled and vacant sites is possible through several tetrahedral sites, labeled
as T1, T2, and T3 in Fig. 1. The tetrahedra, which differ in size and the number of Sn atoms in
their direct neighborhood, connect the LiOs-octahedra by face sharing. While Li(1)-Li(2) ex-
change is possible via T3; Li(1) (and Li(2)) ions can reach the Li(3) position via T1 and T2. To
understand the Li(1)-Li(3) exchange probed in the present study, either Li(1) or Li(3) should
offer an increased probability to accommodate Li vacancies. Indeed, recent calculations by
Brant et al. have shown that it is energetically favorable to create vacancies at the 4e (Li(3))

sites compared with the formation at the 8f (Li(1)) or 4d (Li(2)) sites by 0.1 eV.>* These findings
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perfectly agree with the Li deficiency, 0.93 instead of 1, found for the Li(3) and Li(2) sites as
reflected by the ratio of the corresponding areas in the 1D NMR spectrum recorded at 285 K
(see above). Thus, if we assume a vacant Li(3) site in the honeycomb [SnOs]* layer, we have to
look for a possible Li jump pathway connecting the sites Li(3) and Li(1). Li(1) can leave its po-
sition via T2, then entering the Li(3)Os octahedron perpendicular to the plane defined by the
Sns hexagon while passing the face F2 with an area of 4.05 A2 (see Fig. 6 and the red arrow
shown in Fig. 1).

T2 is rather symmetric with relatively long O-O distances ranging from 3.06 A to 3.34 A. Each
empty Li(3) position can be reached via two T2 tetrahedra. Alternatively, Li(1) may use the T1
tetrahedron as another pathway to reach Li(3) via the face F1 (Fig. 6). T1 as well as F1 (3.51 A?
are, however, smaller; the O-O distances of T1 range from 2.73 to 3.06 A. Additionally, T1
shares two faces with SnOs octahedra (Fig. 6). Thus, repulsive Li-Sn interactions make this an
energetically unfavorable pathway. For Li(2) the same T2-pathway exists; thus, from simple
geometric considerations the Li(1)-Li(3) as well as Li(2)-Li(3) exchange via T2 seems to repre-
sent the most probable local exchange pathways. Li ion exchange is, however, driven by the
existence of Li(3) vacancies in the Sn-rich layer. Assuming Li(3) vacancies is in line with the
NMR results from our 1D and 2D experiments. As has been pointed out by Brant et al. the
preference to form vacancies at the 4e sites changes when going from the oxide to the sul-

fide, Li,SnSs. In Li,SnSs vacancies at 8fand 4d are more stable by - 0.3 eV.>
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3.06

Figure 6. Li ion jump pathways connecting the Li(3) site with the sites Li(1) and Li(2) via empty tetra-
hedral voids in Li,SnO;. Values given denote oxygen-oxygen distances in angstrom. Li(1) and Li(2) may
reach the vacant Li(3) site via T2 and T1. The T2 tetrahedron is larger than T1. At the same time it is less
influenced by repulsive interactions with neighboring SnOs octahedra which share common faces with

T1.

Obviously, in Li,SnOs the position Li(3) is prone to accommodate Li vacancies resulting in Li
exchange perpendicular to the ab-plane while in-plane Li(2)-Li(3) exchange is much less fre-
quent. This observation is at least valid for the regime of ultraslow Li hopping, i.e., tempera-

tures below 330 K.

1D selective inversion 5Li MAS NMR

Slow chemical exchange processes, relative to (longitudinal) spin-lattice relaxation, can also
be studied with the help of 1D selective inversion MAS NMR spectroscopy.**** Via selective
inversion measurements we tried to quantify the Li(1)-Li(3) and Li(2)-Li(3) exchange made

visible through 2D EXSY NMR. Following the selective inversion of the magnetization of the Li
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spins at a particular site, the return to the condition of thermal equilibrium is monitored as a
function of a variable delay time. Signal recovery is governed by (i) the ion exchange rate with
the non-inverted spins as well as (ii) by inherent spin-lattice relaxation governed by the rate
1/T:. The magnetization buildup changes as a function of temperature and, thus, provides a
mean to determine ion hopping rates and activation energies. Additionally, 1/T; rates are

measured independently and are included in the fitting procedure.
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Figure 7. Results from 1D selective inversion 5Li MAS NMR (15 = 74 MHz): transient curves of the invert-
ed (Li(3)a) and non-inverted sites (Li(2)s and Li(1)c) following a selective inversion of resonance Li(3), at
285 K. For reasons of better visibility the x-coordinate is plotted in logarithmic scale. The solid lines

show the results of the fitting procedure using the CIFIT program.

In our present study we look at two individual Li jump processes between three sites using
the CIFIT program®# to analyze the experimental °Li NMR data. While signal Li(3)a can be
selectively inverted with a long, soft Gaussian-shaped pulse, the lines Li(2)s and Li(1)c cannot

be inverted individually. The two lines are separated by only 0.15 ppm which leads to signifi-
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cant overlapping of the resonances. Upon inversion of site Li(3)a the transient magnetizations
of sites Li(2)s and Li(1)c are plotted in Fig. 7. The curves are used to extract the Li(3)a-Li(2)s and
Li(3)a-Li(1)c rate constants. Importantly, the depth of the transient well increases when ex-
change with the inverted site becomes more rapid before any °Li NMR spin-lattice relaxation
processes take over. In order to better visualize the data we have plotted the time axis of Fig.
7 in logarithmic scale. The magnetization buildup curve of signal Li(3)a clearly shows that the
return to equilibrium is governed by longitudinal relaxation. For transient Li(1)c we find a
pronounced attenuation of the magnetization which is due to ion hopping between the sites
Li(3)aand Li(1)c. Interestingly, for Li(2)s we can only observe a small change of the magnetiza-
tion transient indicating slower cation exchange between the sites Li(3)a and Li(2)s. Note that
at 285 K no coalescence of the three NMR lines is observed (see above) and the inversion of
signal Li(3)a is experimentally reasonable. With increasing T, however, coalescence effects
make it difficult to precisely monitor the areas under the resonances as a function of mixing
time t.. Hence, we are limited to a quite narrow temperature range which does not allow for
reliable T-dependent measurements to extract an activation energy. These are much better
accessible via time-domain NMR methods.*

At 285 K, however, we could extract some quantitative information of the jump processes.
The corresponding exchange rates amount to ks, = 3 s7' (4e-8f) and ks, = 0.7 s7' (4e-4d), re-
spectively. As expected, the exchange rates at 285 K are much lower than 84 Hz as estimated
from our 1D °Li NMR spectra discussed above. In good agreement with 2D EXSY NMR the
Li(3)-Li(1) exchange process is the dominant one, whereas hopping between Li(3) and Li(2) is
indeed characterized by a lower rate. Similarly to 2D EXSY NMR, ion hopping in the 2D plane
between neighboring Li(2) and Li(1) sites cannot be ruled out though it could not be resolved
in the selective inversion experiments carried out. The absence of significant coalescence in
1D °Li NMR, however, indicates that in-plane Li exchange is less important than out-of-plane
hopping. Obviously, the latter is driven by vacant Li(3) sites in Li.SnO; making the hopping
pathway including the T2 tetrahedra the preferred one, as is illustrated in Fig. 6.
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Abstract

A deeper understanding of atomic-scale Li hopping in solid Li ion conductors requires the study of ion
dynamics on a broad time scale. Here, we report a complementary study, applying “Li spin-lattice re-
laxation (SLR) nuclear magnetic resonance (NMR) techniques together with spin-alignment echo (SAE)
NMR to study slow Li* self-diffusion in monoclinic Li,SnOs;. SLR NMR in the laboratory and rotating
frame of reference probe fast ion hopping in the MHz and kHz regime and provide information on
short-range diffusion involving available Li vacancies within the crystal structure. Long-range Li motion
in low-conducting lithium stannate is studied via ’Li SAE NMR, providing direct access to Li jump rates
and a mean self-diffusion coefficient D. Damping of the echo amplitude S(tm, t,) recorded as a function
of the mixing time t,, and fixed evolution time t,, is induced by slow Li jump processes. The corre-
sponding activation energy E, = 0.46 eV can be deduced from the Arrhenius-type behavior of the echo
decay rates 7sag, corroborating the dynamical parameters derived from SLR NMR. Furthermore, we
investigated the influence of dipole-dipole interaction on the SAE experiment by t.-dependent exper-
iments carried out at t, > 20 ps as well as by t,-dependent measurements at short mixing times. Dipolar
contributions to the echo decay are already present at t, = 20 ps; they start to dominate with increas-
ing t, and t,. Furthermore, the strong t,-dependence of 75 points towards heterogeneous dynamics

which is likely to be caused by a slightly disordered structure.



Introduction

Solid lithium ion conductors have attracted a great deal of scientific and industrial attention in the last
decades. In particular, their application in lithium-ion batteries, viz. as solid electrolytes, anode and
cathode materials, demands a thorough understanding of ion transport characteristics related to struc-
tural properties and solid-state synthesis. Knowledge about lithium self-diffusion parameters does not
only play a vital role in the engineering of modern battery materials, but is also of fundamental interest
in physical chemistry and materials science. Moreover, the study of model systems with well-defined
structural properties provides a basis for the understanding of application-oriented non-model sys-
tems. In the present study, the slow Li ion conductor Li,SnOs serves as such a model substance to in-
vestigate Li ion diffusion from an atomic-scale point of view. With the help of a microscopic technique,
such as solid-state nuclear magnetic resonance spectroscopy it is possible to probe long- and short-
range ion motion, and gain information on the timescale and geometry of diffusion.' Recently, we
studied polycrystalline lithium stannate with respect to site-specific Li exchange processes and diffu-
sion pathways using one- (1D) and two-dimensional (2D) éLi NMR spectroscopy.® In accordance with
the monoclinic crystal structure it was possible to resolve three magnetically inequivalent Li sites and
two individual exchange processes on the second timescale.

The structure consists of pure Li layers with Li(1) and Li(2) residing on the 8f and 4d positions alter-
nating with LiSn; layers with Li(3) on the 4e position along the c-axis. As confirmed by °Li 2D exchange
and 1D selective inversion NMR preferred Li exchange occurs along the c-axis between Li(1) and Li(3)
with an exchange rate k.3 = 3 s while Li hopping between Li(2) and Li(3) is less favored with k3= 0.7
s7'. Interestingly these findings are corroborated by a recent study of Aitken et al.®, and Vijayakumar et
al.® for isostructural Li;TiOs, where the formation of vacancies on the 4e position is energetically fa-
vored compared to 8f and 4d sites. However, in contrast to its structure, the dynamical behavior tends
to be rather complex: We observed heterogeneous dynamics where a fraction of Li ions remains im-
mobile in the temperature range covered by variable-temperature (VT) 5Li MAS NMR. As a result of the
high crystallinity of the material, the amount of vacancies, being necessary for Li hopping, is small.
Ultimately, part of the Li ions are trapped on their positions, while a mobile fraction is able to diffuse

along the c-axis. At higher T, that is, above 348 K, we might observe a more homogeneous behavior



with increased Li* or vacancy mobility. These questions can be answered with the help of static NMR
measurements along with advanced techniques, i.e. SLR NMR and SAE NMR, where we can look further
into the heterogeneous dynamics of micro- and macroscopic diffusion in Li,SnOs, covering jump rates
ranging from 10°s™' up to 10°s7".

Both SAE NMR and high-resolution 2D magic-angle-spinning (MAS) NMR are sensitive to ultraslow
Li motion, measuring jump rates up to of a few jumps per minute.” With 2D MAS NMR site-specific jump
rates can be probed, however with the prerequisite that the individual sites can be each resolved. This
can be particularly challenging when investigating amorphous or disordered materials. In the case of
polycrystalline Li,SnOs, the site-specific resonances lie within a range of 1.5 ppm, including a coales-
cence peak that masks the “residual” peaks representing the “immobile” Li ions at elevated tempera-
tures. Additionally, resonance peaks marking Li(1) and Li(2) are only 0.15 ppm apart and partly overlap,
even at low temperatures. Thus it makes it challenging to investigate hopping between these sites in
the ab-plane. However, note that from a structural point of view exchange between Li(1) and Li(2)
cannot be excluded. Also, compared to SAE measurements, 2D exchange experiments tend to be more
time consuming, with the measurement duration being influenced by long T; relaxation times.

Quantitative information on Li jump activation energies and jump rates, as well as on the dimen-
sionality of diffusion, can be accessed with °’Li spin-lattice (T;(,) and spin-spin relaxation (SSR) meas-
urements (T,) or 8Li F-NMR, if performed as a function of temperature and frequency. Spin-lattice relax-
ation rates R, = 1/T; are displayed in an Arrhenius representation as log R; versus inverse temperature
1/T. In the ideal case a rate peak is probed which allows the determination of a characteristic jump rate
7' at the rate maximum, as a7~ 1. In the low-T regime (@ 7>>1) local, short-range hopping is probed
while the flank of the rate peak is influenced by correlation effects due to structural disorder or cou-
lombic interactions. The high-T flank, on the other hand, is changed by dimensionality effects, as it is
the case for anisotropic 2D or 1D diffusion. A totally symmetric rate peak is only obtained for isotropic
(3D) uncorrelated Li motion. All these artefacts reduce the respective slopes of the high- and low-T
flank, which results in ‘apparent’ values being lower than the actual energy barriers. Note that an accu-
rate determination of E, necessitates mathematical models such as the ones proposed by Bloem-
bergen-Purcell-Pound (BPP) for 3D® or Richards for 2D diffusion®. These models, partly semiempirical,

take into account both correlation and dimensionality effects.



But even in the case of fast ion conductors, the complete R; rate peak can, in many cases, only be
probed at high temperatures (up to 1000 K), which is particularly problematic for the investigation of
heat-sensitive materials. This problem can be overcome by basically applying resonance frequencies in
the kHz range. Then the rate peak is shifted towards lower temperatures allowing for the detection of
the complete Ry, rate peak. Also, changes in the diffusion mechanism can be observed, as per se this
method is sensitive to much slower Li dynamics as SLR measurements carried out in the laboratory
frame of reference. Nonetheless, as in the case of R, a self-contained interpretation of the data requires
specific relaxation models.

Overall, SAE NMR completely differs from SLR measurements: Li jump rates can be directly extract-
ed from a two-time correlation function, without needing a mathematical model. In principle, the SAE
technique bases on the interaction of the quadrupole coupling constant &, with the electric field gra-
dient (EFG) at the nuclear site, which is caused by the electric charge distribution in its neighborhood.
As a result the Zeeman frequency is altered leading to quadrupole frequencies a, labeling electrically
inequivalent Li sites. Consequently, during diffusion Li ions experience temporal fluctuations of the
EFG, i.e. different @, which, if monitored as a function of time yield dynamic information on Li ion hop-

ping. SAE experiments are performed using the three-pulse sequence of Jeener-Broekart:"

61(‘1)1)_% _52(¢2)_tm_/83<¢3)_tacq. (M

with £ = 90° and £ = 5 = 45°. ¢ denotes the different pulse phases while t, and t, describe the re-
spective evolution and mixing time of the experiment. In order to study the timescale of Li dynamics
spin-alignment echos are recorded as a function of the mixing time. The echo amplitude decays if the
nuclei are exposed to different a, marking successful jumps between inequivalent Li sites. By correlat-
ing the quadrupole frequencies before and after a certain mixing time interval we obtain a two-time

correlation function enabling a direct, model-free access to Li jump rates:

S,(t,t, 1) :2—90<sin[wq (tn = 0)t, Jsin[w, (&, )¢]) P)

with (...) describing the powder average. The spin-alignment decay can be parametrized with a simple
exponential function (though experimentally often described with stretched exponentials), containing

the decay rate zae ! that can be, in the ideal case, identified with the correlation rate, i.e. the mean Li



jump rate 7. Note that correlation times are unaffected by changes of the quadrupole coupling con-
stants due to temperature and independent of the magnetic field of the experiment. Using the Ein-
stein-Smoluchowski equation the jump rate can be directly transformed into a self-diffusion coefficient
D = a? / 2dr . This is in contrast to SLR measurements where the motional correlation rate equals the Li
jump rate only at the rate maximum for which the condition woz ~ 1 holds. Only at the peak maximum
a direct transformation into the self-diffusion coefficient is possible without applying a relaxation
model to convert the SLR NMR rates into jump rates.

The coefficient a in D = a? / 2d+ represents the mean jump distance while d takes the dimensional-
ity of the diffusion mechanism into account. The self-diffusion coefficient derived from SAE measure-
ments is often found to show similar values as those obtained from SLR maxima or from impedance
spectroscopic studies.

Therefore, in our study, we studied slow Li* hopping motion with conventional static SLR NMR in
the laboratory and rotating frame of reference as well as with complementary Li-stimulated echo NMR.
The latter give direct access to the timescales of ultraslow Li motion and, thus, Li self-diffusion coeffi-
cients near room temperature. Furthermore, by performing both t,- and t,-dependent SAE experi-
ments we can investigate the interplay of homonuclear dipole-dipole interactions with the quadrupo-

lar alignment states.

Experimental

Monoclinic HT-Li,SnO; was synthesized according to a procedure described elsewhere. For the ’Li NMR
measurements the transparent powder was fire-sealed in a Duran glass ampoule (4 mm in diameter, 3
cm in length) under vacuum.

Variable-temperature measurements were performed on a Bruker Avance lll spectrometer con-
nected to a shimmed cryomagnet with a nominal field of 7.0 T. All “Li NMR experiments were conduct-
ed with a commercial high-temperature probe (Bruker) between 217 K and 593 K, which was moni-
tored and adjusted using a Eurotherm temperature controller in connection with a type T thermocou-

ple. Spin-lattice relaxation rates R; were recorded at a Larmor frequency wo = 116 MHz by means of a



saturation recovery pulse sequence 10 x ©t/2 — tq - /2.2 Hereby a closely spaced comb consisting of
ten (11/2) pulses destroys any initial longitudinal magnetization, ensuring M, = 0 at t = 0. After a variable
delay time tq the recovery of M,(t) is probed with a single 71/2 pulse.

Relaxometry measurements in the rotating frame of reference (SLRp) yielding R, employ a spin-
locking technique as described in greater detail elsewhere.'*® In principle, an initial n1/2 pulse is fol-
lowed by an angular locking pulse along the Y’ axis of the rotating frame, locking the spins in the effec-
tive locking field B;. Here, the decay of the magnetization M,, is monitored as a function of the duration
tiok Of the locking pulse ranging from 46 ps to 1 s. The locking frequency w, lies in the kHz order and
was chosen as low as possible (w; = 20 kHz). As w; « w,, SLRp measurements are much more sensitive
towards slower Li motion than SLR NMR in the laboratory frame of reference. Both R, and R;, were
obtained by parametrizing the magnetization transients M,(ts) and M,(tioa) with stretched exponen-
tials, i.e. M, (ty)oc1— exp[—(td /7'1)“'] and M, (t,,, ) x exp[—(tIock /Tm)”"} , respectively.

Additionally, spin-spin relaxation rates R, = 1/T> were obtained by the (two-pulse) solid-echo tech-
nigue 90° - techo — 64° - acq. with t..no denoting the variable interpulse delay.'®
Spin-alignment echos were measured applying the three-pulse Jeener-Broekart sequence' (see
above) as a function of the mixing time (10 ps < t,,< 10s) at various fixed evolution times (t, = 20 ps; 50
ps; 100 ps; 200 us) or as a function of the evolution time (20 us < t, < 356 ps) at t, = 10 ys, covering a
broad temperature range from 231 Kto 513 K.

Static “Li spectra were obtained after Fourier transformation of the free induction decay (FID) rec-
orded in a one-pulse experiment, typically applying ©/2 pulse lengths between 2.5 and 3.0 ps. Note
that, for the echo spectra, only the top of the solid echo was Fourier transformed. For all types of exper-
iments a sufficiently long recycle delay of 5 x T; ensured full longitudinal relaxation between each scan.
Also, appropriate phase cycling helped to eliminate unwanted coherences and decrease the effect of

pulse imperfections.



Results and Discussion

’Li spectra and motional narrowing
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Figure 1: a) Static ’Li one-pulse spectra as a function of temperature, b) ’Li SAE spectra recorded at vo = 116 MHz showing
apronounced quadrupole foot; evolution of a distinct quadrupolar powder pattern with increasing temperature, c) motional
narrowing curve of the static ’Li line width (full width at half maximum (fwhm), d) magnification of the quadrupole foot for the

’Li spectrum recorded at 593 K.

Temperature-dependent ’Li NMR spectra can probe local electronic and local magnetic structures and
draw a first picture of Li diffusivity in lithium stannate. In the so-called rigid lattice regime Li diffusion is
too slow to directly affect the spectral line width. As can be seen in Fig. 1c the linewidth (full width at
half maximum FWHM) remains almost constant between 217 K and 318 K. Spectra recorded in this
regime exhibit a dipolarly broadened Gaussian line shape with a very broad quadrupolar contribution
(Fig. 1a). The linewidth decreases with increasing temperature as dipole-dipole interactions are aver-

aged due to the onset of Li motion while the satellite intensity decreases. In this intermediate region



we observed an inhomogeneous narrowing of the central line which points towards a distribution of Li
jump rates. A distribution of jump rates is caused by heterogeneous Li dynamics as has already been
reported for this material.’”® At T> 553 K spectra are characterized by the appearance of a distinct quad-
rupole powder pattern which originates from the interaction of the quadrupole moment with a non-
zero electric field gradient (EFG) at the nuclear site. This interaction alters the Zeeman-levels leading to
several spin-transitions.' The observed pattern for Li,SnO; shows one set of singularities (cf. Fig. 1d).
From the spectral distance A, between the outer singularities a quadrupole coupling constant of
C4('Li, 593 K) = 16 kHz can be deduced. As we can find three electrically inequivalent, yet structurally
very similar sites, this single C, can be regarded as a mean value for all three Li positions.

In our stimulated-echo spectra (cf. Fig. 1b) the quadrupolar satellites are enhanced and appear in a
more structured fashion. Even at short evolution times of t, = 20 us we observe a sharp central line,
which is due to dipole-dipole interaction on top of a broad quadrupole-induced signal. The central line
narrows with increasing temperature, along with the broad quadrupolar satellites, representing the
superposition of the three different quadrupole powder patterns. At T = 513 K a pronounced pattern
starts to emerge, yielding a mean C, = 16 kHz at 593 K, in accordance with the ’Li spectra obtained
after single-pulse excitation.

If the linewidth (FWHM) Avis monitored as a function of T we can estimate a mean Li jump rate and
jump activation energy from the diffusion-initialized (motional) narrowing (see Fig. 1c). At the inflec-
tion point of the so-called motional narrowing curve the jump rate zuv™' = 2 x . (v denotes the
rigid-lattice linewidth) lies in the order of 10* jumps per second. If the curve is approximated with the
model proposed by Hendrickson & Bray* a hopping activation energy of 0.45 eV can be deduced. Note
that these values have to be taken as rough estimations. In order to get a more accurate access to dy-
namical parameters SLR NMR techniques and SAE NMR probe Li diffusivity over a broad time and

length scale.
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Figure 2: Arrhenius-type plot illustrating the temperature dependence of ’Li spin-lattice relaxation rates using vo = 116 MHz
(™) and Viea = 20 kHz (Ty )

colored dashed lines represent linear fits yielding the respective jump activation energy E.. See text for further explanations.

, together with SAE echo decay rates aww~' and spin-spin relaxation rates (Tz_l) at Bo=7.0T. The

Spin-lattice relaxation: T, and T,
Figure 2 shows an Arrhenius-plot of NMR relaxation rates determined in the laboratory and rotating
frame of reference together with transversal relaxation rates and SAE decay rates. SLR measurements

in the laboratory frame of reference probe Li motion on the MHz time scale, i. e. 15 = 116 MHz for the ’Li

nucleus. At T <369 K, where woz>>>1 is met, the relaxation rates are almost temperature-independent.

Here, R; is additionally influenced by background effects that add up to purely diffusion-induced relax-
ation rates Ry aim, thus: Ry = Ry gir + R1pgr. Background relaxation rates Ripyr can be approximated with a
power-law fit Ripgr oc T, €.9. k= 1 if the relaxation mechanism is governed by coupling with conduc-
tion electrons, or x = 2 for a phononic relaxation mechanism dependent on the Debye-temperature.
Localized Li jumps or spin-fluctuations with paramagnetic impurities can also contribute to the non-

diffusive rates. In order to obtain Ry We extrapolated a power-law fit, with k= 1.7(1), to higher T and



then subtracted the rates from the overall rates R; yielding R; 4 assuming that R 4iis solely induced by
Li motion.?" Ry g increases linearly which allows the determination of an Arrhenius-activated jump
activation energy Ea = 0.44(1) eV from the slope of the low-temperature flank d(R;, 4i) / d(T-"). Note that
in this temperature regime localized, short-range Li hopping is probed, comparable to the dynamic
parameters probed by motional narrowing.

In order to investigate Li diffusion on a broader length-scale it is necessary to probe the high-
temperature flank of the SLR rate peak which can be achieved via spin-lattice relaxation measurements
in the rotating frame of reference. This technique is sensitive to slower Li motion by using so-called
spin-locking frequencies in the kHz-regime which shifting the SLR rate peak towards lower tempera-
tures. At low temperatures Ry, is temperature-independent as it is governed by non-diffusive back-
ground relaxation mechanisms. As can be seen in figure 2 the rates increase gradually until T = 555 K,
possibly marking a rate maximum where the motional correlation rate 7" is in the order of the Li jump
rate 7' and w7 = 0.5 is fulfilled. The “preliminary” rate maximum allows us to estimate a Li self-
diffusion coefficient D = 3.8 x 107> m?s~'at 555 K. Using locking frequencies of w, = 20 kHz we are look-
ing at a Li jump rate in the order of 2.5 x 10° s™' and an activation energy of 0.45(2) eV deduced from
the low-T flank. This value is consistent with our results from the T; measurements and can be regarded
as evidence that the same diffusion process was probed with both techniques. It emphasizes our pre-

vious findings of Li,SnOs being a slow Li ion conductor.

Spin-spin relaxation: T,
In addition to SLR measurements probing Li motion via the decay of the longitudinal magnetiza-
tion, the decay of the transversal magnetization is caused by spin-spin relaxation. The decay of the

corresponding magnetization transients follows a single-exponential behavior:
M(xy)' =M, exp(—t/Tz) . Rates were recorded over a broad temperature range from 246 K to 593 K.

Up until 391 K we observed a temperature-independent behavior with T, being in the order of 7 x 10°
s. Note that in this regime Li mobility is very low, with residence times smaller than 10~ s, as can be
deduced from the rigid-lattice line width of & (vide supra). In general, the transversal relaxation pro-
cess is slowed down by fast Li diffusion, where local magnetic fields are averaged over time. The result-

ing decrease of R, is Arrhenius-activated and allows an estimation of the Li diffusion energy Ea.



Here, the transversal relaxation rates slightly increase up to T = 593 K whereas Li jump rates have

not yet reached the order of the inverse rigid lattice line width, causing in R, to decrease. These find-

ings corroborate T; measurements where the diffusion-induced relaxation rate peak is found at T>>593

K, where the jump rate is in the order of the motional correlation rate: woz = 1.

Spin alignment echo NMR
Spin-alignment echo NMR extends the timescale of our portfolio of microscopic NMR techniques.
Along with 2D exchange NMR methods quantitative information can be obtained on ultra-slow Li dy-

namics, up to the order of a few jumps per minute.”

a) 116 MHz, T = 369 K b) 116 MHz, T = 369 K
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Figure 3: a) ’Li NMR spin-alignment echoes recorded with the Jeener-Broekart pulse sequence choosing a mixing time of tm = 10
us. Echoes are composed of a broad dipolar echo (shown in orange) and a sharply decaying quadrupole intensity (in blue);
Fourier transformation starting from the top of the echo (as indicated by the black triangles) lead to the corresponding echo
spectra as shown in b).



Information on the timescale of the Li motion process is obtained by varying the mixing time t.,, while
the variation of t, tunes the sensitivity of the SAE experiment and gives information on the geometry
of the process. Increasing the evolution time enables us to increase the resolution between Li sites
with similar EFG. Normally t, is chosen to be as short as possible in order to suppress strong homonu-
clear dipole-dipole interaction of the “Li nuclei and obtain a pure quadrupolar response. Figure 3a
shows spin-alignment echoes recorded at various evolution times. The spin-alignment (quadrupolar)
echo, starting to appear at t=t,, is superimposed by a broad dipolar echo (cf. Qi et al.??). Note that at
short evolution times the quadrupolar echo can be more easily distinguished from the broad contribu-
tion. With increasing t, the intensities of both contributions decrease individually with the dipolar re-
sponse predominating at t, = 100 ps. To be precise, note that the echo appears at t' = t, + t, with t,
reflecting receiver dead-time effects and the influence of rf pulses. The influence of t, gets smaller with
t,; for t,= 20 ps we find t,= 12 ps, while for t, > 50 ps t, amounts for 10 ps. The dependence of the posi-
tion of the quadrupolar echo as a function of the mixing time is discussed in more detail for °Li SAE
NMR studies by Wilkening et al.*

Corresponding SAE spectra (cf. Fig. 3b) are obtained after Fourier transformation starting from the
top of the echo, yielding two-component spectra composed of a sharp dipolar central transition on top
of a quadrupolarly broadened contribution. The latter represents a superposition of three distinct
quadrupole powder patterns of the electrically inequivalent Li sites in Li,SnOs.* With increasing t, the
spectra are increasingly governed by dipole-dipole interactions. Note that, for longer evolution times,

additional peak broadening after Fourier transformation is due to intensity loss.
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Figure 4: Echo amplitudes of quadrupolar (Aq) and dipolar contributions (Ad) to the “Li spin-alignment-echo (shown in Fig. 3a)
as a function of the evolution time t,. The solid line represents an exponential fit yielding a transverse SAE decay rate Toq. For
comparison the ratio Aq/Ad is shown at the top of the graph.

If the echo amplitude is recorded as a function of the evolution time at a fixed mixing time (t,—0) a
separation of dipolar contributions to the spin-alignment signals can usually be achieved for t, — 0
and short t,.2*?*% As can be seen in Figure 4, the echo amplitudes A, and Aschange as a function of the
preparation time, owing to transverse dephasing of the Li spins. In fact, an exponential fit of A, yields a
transverse SAE decay rate T, = 74(8) ps (at T = 369 K) which corroborates nicely our T, measurements,
where spin-spin relaxation times T, were in the order of 70 ps. As expected, the longer the preparation
time, the more dipolar information is stored with an amplitude maximum at t, = 63 pys. At t, > 63 us the
dipolar echo decreases, similarly to the spin-alignment echo, with T,4 = 60(10) us (at T = 369 K), as de-
duced from an exponential fit. The ratio Ay/ Aq turns out to be ca. 1 at t, = 112 ps. At larger preparation

times it increases before it gradually increases at sufficiently long preparation times.
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Figure 5: ’Li SAE two-time correlation functions for a fixed evolution time and variation of the mixing time. The corresponding

correlation rates, which were obtained from a (stretched) exponential fit (solid lines), are shown in the Arrhenius representation
below (see Figure 6)

In order to study the influence of the generation of dipolar order onto zae we recorded echo decay
curves S, at various mixing times of t, = 20 us; t, = 50 ps, t, = 100 ys as a function of temperature and
mixing time ty,. Figure 5 shows the corresponding decay curves at a temperature of 369 K. Accordingly,
the echo decay times 1(ty) can also be directly obtained by parametrizing the S,-transients with a
stretched exponential function. Here, the echo decay times #(t;), recorded at 369 K (Fig. 5) decrease by
a factor of 14 in the range 20 ys < t,< 100 ps. At lower temperatures, e.g. at 296 K, we even found a
much larger t,-dependence as #t,) changes by a factor of 349 in the same evolution time range. If
7(tp,)”" is monitored as a function of temperature in an Arrhenius-type plot (cf. Fig. 6, full circles) this
strong dependence on the evolution time is evident in the low-T regime, where the difference spans
several decades. With increasing temperature this dependence grows continuously weaker; rates seem
to coincide at T> 513 K. The fact that (t,) only weakly depends on t, at elevated temperatures can be
related to an increase of the “Li jump angle”, as has been reported by Qi for glassy fspodumene.” In
this material the disorder of Si*" and AP** within the SiO, and AlO; tetrahedra leads to disordered EFGs;
as a result Li motion occurs along the EFG-primary axes at both at large and small angles, i.e. these

small-angle motions lead to a strong t,-dependence of the echo decay times at lower temperatures.”’



Also similarly, in the case of Li,SnOs, disorder in the ionic structure might cause this behavior.* If the
nuclei interact with multiple, yet very similar EFG, as it is likely for Li,SnOs with three electrically similar

sites,* (t,) is strongly influenced by the evolution time.
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Figure 6: Arrhenius representation of the echo decay rates tsae recorded at different sets of ty, as a function of temperature. If the
preparation time is chosen as short as possible (t, = 20 ps) the echo decay rates represent the respective Li jump rates which
allow the determination of a mean E. from a linear fit. (See text for further information). The empty triangles represent the indi-
vidual dipolar and quadrupolar decay rates 7o' and 1q”".

In another approach dipolar and quadrupolar contributions can be extracted via the respective 7Li SAE
peak areas, which were obtained after Fourier transformation starting from the top of the echo. The
peak areas of the central intensities and SAE powder pattern were fitted with Gaussians; and from the
transients, i.e. peak areas as a function of the mixing time, characteristic quadrupolar z(t,)™" and dipo-
lar (t,)" decay rates were determined for t, = 20 us and t, = 50 s, as represented by the empty trian-
gles in Fig. 6. It can be seen that echo decay rates (t,)"' determined directly via integration of the echo

decay (at t = t;) as a function of t,,, pose a mean value taking both spin-alignment and dipolar order



into account. At a short evolution time of t, = 20 us both zq(t,)~" and m(t,)" are in the same order in the
temperature range 295 K< T< 429 K; ie. tlty)™" = ()" = (t,)". If t,, is increased, the echo decay is
more and more predominated by homonuclear dipole-dipole contributions, which, decay faster than
the “pure” Sq and the mean S, e.g. at T = 295 K: (t, = 50 ps ) = 0.0029 s and 7o(t, = 50 us) = 0.017 s.
Interestingly, with increasing T dipole-dipole and quadrupolar interaction are averaged, as a result of

the onset of Li motion, and z(tp,) = ml(ty).
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Figure 7: Two-time correlation functions S: (t, = 20 ps), parametrized by stretched exponentials containing Tsae and the stretch-
ing factory at different temperature values.

Ultimately, by variation of t,, (at t, = 20 us) we can monitor the timescale of successful Li jumps be-
tween electrically inequivalent Li sites. In figure 7 echo decay curves S, (tp, tm, t = t,) are shown as a
function of temperature from which the Li jump rates 1/za can be extracted. The echo amplitudes
were read out starting from the top of the echo (t = t;) and can be parametrized with stretched expo-
nentials: SZ(tm)=(1—Sm)exp(—(tm /TSAE>7), with S. denoting the final-state correlation factor and
stretching factors y ranging between 0.53 (T = 265 K) and 0.39 (T = 513 K), as shown in Figure 7. It can
be also observed that S, decreases towards a final value of 0 (S, = So = 0), i. e. the decay of the echo
caused by relaxation process, being characteristic for a single isotropic motion process. The obtained
decay rates are plotted as a function of 1000/T in the Arrhenius representation shown in Figure 6. In

the low-T range between 231 K and 297 K ¢ lies in the order of 0.3 to 0.4 s coinciding with SLR, back-



ground rates. At higher T rates follow Arrhenius behavior: e oc exp(—E./(ksT)) yielding a hopping ener-

gy of E, = 0.46(2) eV, as deduced from the linear fit.
The consistency of this E. value with what was obtained in SLR (E. = 0.44(1) eV) and SLR, (E. =

0.45(2) eV) NMR points to a sole diffusion process which can be probed over a range of ten decades.
Taking into account our °Li NMR studies on the same material, where we could distinguish between
three distinct sites and two diffusion processes'®; this activation energy can be regarded as a mean
value for all the hopping processes present in the material. Considering the structural similarity of the
sites it seems highly plausible that the jumping processes between these three sites can be activated
with similar £, in the range of 0.44(2) - 0.45(2) eV. Also, with SAE NMR we can directly access a charac-
teristic Li self-diffusion coefficient at room temperature, transforming the corresponding 1/ via the
Einstein-Smoluchowski equation (vide supra). Assuming three-dimensional isotropic diffusion we can
deduce D~ 9 x 1072 m?s~" at T = 297 K, typical for a slow Li ion conductor, similarly to what has been
previously reported for isostructural #Li;TiOs.?® Compared to D, = 3.8 x 107> m?s™, as deduced from
the “preliminary” Ri, maximum at 555 K, the corresponding Dsx¢ yields a somewhat lower value of 3.5 x
107" m?s~". The value of D, might be additionally influenced by such artefacts as correlation effects

local fields, hereby altering viock.

Conclusion/Summary

Li,SnO; serves as an interesting model system to study Li* dynamics with the help of ’Li relaxation
NMR and spin-alignment echo NMR which is capable of probing long-range diffusion parameters from
a microscopic point of view. Results from relaxometry measurements both yield a similar activation
energy of ~ 0.4 eV. The high-T flank of the rate peak could not be probed with either method, which is
why theses values characterize short-range Li motion. Additionally R; and R, can be influenced by
correlation effects which alter the slope of the rate peak on the low-T side. As SLR in the rotating frame
of reference is sensitive to lower Li jump rates in the kHz range, the corresponding rate peak is usually
shifted towards lower temperatures, indicating a rate maximum around T = 555 K, i.e. the Li jump rate
isin the order of 2.5 x 10°s7".

In contrast to SLR in the laboratory and rotating frame of reference the jump rate is directly includ-
ed in the measured (two-time) correlation function measured via SAE NMR. Importantly, this allows us

to directly determine a Li self-diffusion coefficient at room temperature (T =297 K): D ~ 9 x 107° m?%s™"



for Li,SnO:s. Interestingly, the long-range Li motion probed by SAE is activated with an £, = 0.44(2) eV, in
accordance with results from the relaxometry measurements. These findings strongly indicate that we
find a similar diffusion mechanism for short- and long-range Li ion dynamics.

Additional experiments, viz. recording spin-alignment echoes at t, > 20 us and the variation of the
evolution time at fixed mixing times (so-called “cross-measurements”), were conducted to study the
influence of dipolar contributions to the measured echoes, spectra and decay rates. Increasing the
preparation time allows for a better resolution of quadrupolar and dipolar contributions, which is re-
flected by the corresponding echo decay rates zq(t,)™' and m(t,)™", differing by one order of magnitude
at 297 K for t, = 50 ys. Here, {t,) ' (and thus zo(tp)™" and m(t,)™") also strongly depend on the tempera-
ture which is due to the interaction of the nuclei with very similar EFG, viz. the three electrically similar
Li sites in Li,SnOs. This temperature-dependence, which grows weaker with elevated temperature, can
also be traced back to ionic disorder in the crystal structure.

Finally, by monitoring the respective echo intensities as a function of the preparation time, a trans-
versal relaxation rate T, = 74(8) ps is obtained, in agreement with “classical” spin-spin relaxation
measurements.

Overall, together with our previous Li MAS NMR study*, we were able to obtain a detailed picture
of the complex dynamics, involving distinct and preferred diffusion pathways, which are nonetheless

characterized by similar dynamical parameters, i.e. activation energies and Li jump rates.
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3.2.2 Mechanical detection of ultraslow, Debye-like Li-ion motions in

LiAlO; single crystals

[.Langer, D. Wohlmuth, A. Koval¢ik, V. Epp, F. Stelzer, and M. Wilkening
Ann. Phys. 527, 523 (2015)

Excursus: Dynamical Mechanical Analysis vs. Electrical Conductivity Measurements

In principle dynamical mechanical analysis is based on the inelastic relaxation of the sample
after being subjected to mechanical stress. Usually a rectangular piece of the material (with the
geometry depending on the operating mode) is fixed between clamps. For the DMA studies
presented below a single cantilever clamp system was used with a cantilever oscillating at vari-
ous frequencies, thus exciting the sample at the same time with a dynamic force. Consequently,
this results in an internal friction (or mechanical loss) that is given by the ratio:
"

tand = =
with E” denoting the loss modulus and E' as the storage modulus. This loss factor describes
ionic displacements (if tand < 0) in the sample. By plotting tand as a function of temperature, a
characteristic mechanical loss peak is obtained. The temperature at the peak maximum is used
to obtain the mechanical relaxation rate.

In order to relate mechanical loss spectra with Li ion motion we estimated the temperature
for a certain motional correlation rate T e.g. 1 Hz from conductivity measurements. Here, the
solid-state diffusion coefficient D, derived from a DC conductivity isotherm can be related with
a motional correlation rate via the Einstein-Smoluchowski relation, similar to NMR relaxation
measurements:

T = lgz D,
with [ as the jump distance of the Liion and D, = D" (assuming a correlation factor of 1). In this
manner we can relate a motional correlation rate, i.e. Li jump rate, of 1 Hz to D, and the corre-
sponding temperature value. A Li jump rate of 1 Hz should be accessible by mechanical relaxa-
tion if we perform the measurement of tand at a fixed oscillation frequency of 1 Hz. If the me-
chanical loss is caused by Li self-diffusion, the mechanical loss peak should appear at the tem-

perature value, derived from D, (for a jump rate of 1 Hz).
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Single crystalline LiAlO, is known as a very poor ion conduc-
tor. Thus, in its crystalline form it unequivocally disquali-
fies itself from being a powerful solid electrolyte in mod-
ern energy storage systems. On the other hand, its interest-
ing crystal structure proves beneficial to sharpen our under-
standing of Li ion dynamics in solids which in return might
influence application-oriented research. LiAlO, allows us to
apply and test techniques that are sensitive to extremely
slow Li ion dynamics. This helps us clarifying their diffusion
behaviour from a fundamental point of view. Here, we com-
bined two techniques to follow Li ion translational hopping
in LiAlO, that can be described by the same physical formal-
ism: dynamic mechanical relaxation and electrical relaxation,
i.e., ionic conductivity measurements. Via both methods we
were able to track the same transport mechanism in LiAlO,.
Moreover, this enabled us to directly probe extremely slow
Li exchange rates at temperatures slightly above 430 K. The
results were compared with recent insights from nuclear
magnetic resonance spectroscopy. Altogether, an Arrhenius-
type Li diffusion process with an activation energy of ca.
1.12 eV was revealed over a large dynamic range covering 10
orders of magnitude, i.e., spanning a dynamic range from
the nano-second time scale down to the second time scale.

1 Introduction

The fundamental study of diffusion processes [1, 2],
particularly that of oxygen anions and lithium cations,
builds the basis for the development of modern elec-
trochemical energy storage systems that meet today’s
market demands. To deepen our understanding of dif-
fusion processes in general, model substances need to
be studied with complementary techniques preferably
over a large dynamic range. This will help us to correlate

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dynamic properties, including particularly the elemen-
tal steps of ion hopping in solid electrolytes [3], with
structural motifs.

y-LiAlO, serves as such a model substance. It is
known to be a very poor ion conductor. Therefore, the
oxide, which is practically an electronic insulator, is con-
sidered to act as advanced tritium breeding blanket ma-
terial. The y -modification of LiAlO, crystallizes with the
space group P452,2; the Li ions reside in the tetrahe-
dral voids (4a). The LiO, tetrahedra, as well as the AlO,
ones, are connected by corner sharing; presumably, this
arrangement is responsible for the extremely low Li* dif-
fusivity observed. An illustration of the crystal structure
is shown in Fig. 1. At room temperature the solid-state
diffusion coefficient is expected to be in the order of
10726 m? s~!; this roughly corresponds to an Li ion con-
ductivity well below 10~'* S cm ™! which is at the limits of
being detectable by impedance spectrometers. A colos-
sal increase of Li ion conductivity by 7 orders of magni-
tude has recently been observed for nanostructured, dis-
ordered LiAlO, that has been prepared from the coarse
grained starting material by high-energy ball milling [4].
During mechanical treatment the oxide mainly becomes
amorphous; partly, it is transformed into the §-form be-
ing a high-pressure modification.

Here, we applied electrical conductivity measure-
ments performed over a broad frequency and temper-
ature range to characterize long-range ion transport in
y-LiAlO, single crystals. At low temperatures we used dy-
namic mechanical analysis (DMA) [5-9] to probe lithium
relaxation rates. Both techniques yield consistent results.
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b)

Figure1 Crystal structure of LiAlO,:a)3 x 3 x 3 supercell, b) unit cell illustrating the connection of the LiO, tetrahedra by corner sharing;

c) view along the g-axis.

A comparison is possible after the DC conductivity val-
ues have been converted into solid-state diffusion coef-
ficients via the Nernst-Einstein relation. Considering the
conductivity isotherms, they give strong evidence for an
overall mean relaxation process that is characterized by
an activation energy of 1.12 eV. Obviously, the same mo-
tional process is also seen by DMA. This nicely corrobo-
rates a previous study by Indris et al. using ‘Li NMR spec-
troscopy [10].

2 Experiment

The LiAlO, single crystals studied in the present work
were obtained commercially from Crystal GmbH. The
glass-like, transparent rectangles were pulled along the
[100] orientation and polished on one side.

For the broadband conductivity analysis squares with
an edge length of 1 cm and a thickness of 0.93 cm
were prepared. To ensure electrical contact, Au elec-
trodes of about 100 nm thickness were applied with a
sputter coater (Leica EM SCDO050) in custom vacuum
equipment. Impedance measurements were carried out
according to a two-terminal AC method with a Novocon-

524 www.ann-phys.org

trol Concept 80 broadband analyzer (Alpha-AN, Novo-
control). The analyzer was connected to a BDS 1200 cell
in combination with an active ZGS cell interface from
Novocontrol; this setup allowed temperature-variable 2-
electrode measurements.

The temperature was automatically controlled with
a nitrogen-purged QUATRO cryosystem (Novocontrol).
In order to create a highly constant nitrogen gas flow
the cryo-system is working with a heating element that
builds up a specified pressure in a liquid nitrogen de-
war. After being heated by a gas jet, the freshly evapo-
rated nitrogen flows directly through the sample cell that
is mounted in the cryostat. This setup allows very stable
system operation with an accuracy better than + 0.1 K.

In the case of high temperature conductivity mea-
surements the Concept 80 analyzer was used and con-
nected to a Novotherm-HT 1600 cell. The HT 1600 cell is
designed to record impedance measurements from am-
bient to 1870 K. The temperature resolution was 0.1 K;
high-temperature measurements were carried out in
controlled nitrogen atmosphere. The cells were operated
with WinDETA control software via an IEEE 488 (GPIB)
interface; for the HT 1600 cell a ZG4 test interface was
used. Altogether the whole setup with the two cells, the
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Figure2 a) Conductivity isotherms (real part of the complex conductivity o’ vs frequency v) recorded at temperatures ranging from 293 K
to 1048 K. The frequency range covered was 10~2 Hz — 10°. Above 595 K the spectra were acquired with the HT 1600 impedance cell. Below
340 K the isotherms do not depend on temperature any longer; o’ follows a power law according to o’ oc v°2. b) Right axis: Arrhenius
plot of the DC conductivity values (o/(v — 0) = opc); data is shown as log,, (opcT) vs 1000/T. Left axis: Temperature dependence of the
solid-state diffusion coefficient D, that is obtained after conversion of opc with the help of the Nernst-Einstein equation (see text.) Solid
lines represent linear fits yielding activation energies, depending on the T-range and cell used, of 1.22 eV and 1.12 eV, respectively. For
comparison, ion conductivities of a microcrystalline and a nanocrystalline powder sample are also shown, see Ref. [4]. Obviously, ion
transport in powder samples is additionally slowed down by blocking grain boundary effects.

BDS cell and the HT cell, is able to record impedances
and permittivities at frequencies ranging from few yHz
up to 20 MHz at temperatures ranging from 170 K to
1870 K.

Dynamic mechanical analysis (DMA), see especially
[5], was performed on a DMA Q800 (TA Instruments,
USA) using a single cantilever clamp system. Several cali-
brations were done before the DMA analyses that include
electronic, force, and dynamic calibration as well as ad-
justment of the position and calibration of the cantilever
clamp system using a precise steel standard with the fol-
lowing dimensions 35.54 x 12.77 x 3.20 mm.

We measured the mechanical loss factor tans =
E"/E’, where E” is the loss modulus and E’ is the stor-
age modulus. For the experiments rectangular pieces of
LiAlO; in the size of about 17.3 x 10.03 x 0.93 mm were
used. The DMA Q800 was operated in a frequency/strain
mode, using a single cantilever clamp system at vari-
ous oscillation frequencies ranging from 0.5 to 50 Hz. We
used an amplitude of 15 um. The temperature of each ex-
periment was varied from 290 K to 570 K; the heating rate
used was 3 K/min. Measurements were carried out un-

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

der air atmosphere. The temperatures T at the maxima
of the tan § loss peaks recorded at the individual frequen-
cies were used to estimate mechanical relaxation rates.

3 Results and discussion
3.1 Conductivity measurements

Conductivity isotherms (¢’ vsv) of the LiAlO, specimens,
which were recorded over a broad temperature range
(293 K - 1048 K) and frequency regime (10~ — 10° Hz),
are shown in Fig. 2. At very low temperatures, see, e.g.,
the isotherms at 293 K and 333 K, ¢/, which is the real
part of the complex conductivity, is independent of T. Its
variation with increasing frequency follows a power law
o’ o« v”; where the exponent pis 0.8. Such a frequency
dependence is often found in this T range, even for struc-
turally disordered ionic materials. p — 1 would be the
characteristic result corresponding to a frequency inde-
pendent ¢” being the imaginary part of the complex per-
mittivity €. This behaviour is frequently termed nearly
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constant loss (NCL); NCL-type behaviour is often related
to strictly localized, that is, caged ion dynamics [11]. With
increasing temperature the isotherms change and reveal
a distinct frequency independent plateau showing up
at low frequencies; the associated conductivity can be
identified with the DC value. At 433 K, for instance, the
isotherm is composed of the DC plateau and a transition
regime, that is, a dispersive part, which passes into the
o' o« v98 behaviour with increasing v. With increasing T
the DC plateau starts to dominate the spectra, see, e.g.,
the isotherm at 673 K. When Li ion transport reaches suf-
ficiently high conductivities the charge carriers pile up in
front of the ion blocking electrodes. This polarisation ef-
fect manifests itself in a decrease of o’ at sufficiently high
T and low frequency. The isotherm at 1048 K is composed
of a DC plateau and a polarisation regime determining o’
below 1 Hz.

By reading off the DC conductivity values of the
isotherms recorded, an Arrhenius plot can be con-
structed that is shown in Fig. 2b). Solid lines show fits
with an Arrhenius law.

opc T = Aexp (—Eanc/ (ks 1)) - o))

ks denotes Boltzmann’s constant. It is important to note
that the two cells used yield slightly different conductiv-
ity values around 500 K. Within the precision of our mea-
surements we can say that the activation energy E, pc
of long-range Li ion transport in LiAlO, single crystals
ranges between 1.22 and 1.12 eV. In order to estimate the
corresponding diffusion coefficients we used the Nernst-
Einstein equation (eq. (2)) to transform opc into D, val-
ues.

opcks T

D, =
Ng?

; )

Here, g denotes the charge of the Li ions and N rep-
resents the number density of charge carriers (2.39 x
1028 m—3). At about 400 K the solid-state diffusion coef-
ficient is in the order of 10722 m? s~! clearly pointing out
the low Li ion diffusivity of LiAlO; single crystals.

For comparison, Fig. 2 also includes data on a micro-
crystalline powder sample of y-LiAlO,, see [4]. Ion con-
ductivities were derived from a pellet that was prepared
by cold pressing. The fact that its ionic conductivity is
lower than that in single crystalline LiAlO, points to ion
blocking grain boundaries governing through-going ion
migration. High-energy ball milling, however, overcomes
this barrier by transforming the oxide into a mixture of
nanocrystalline LiAlO; (20 nm in diameter) embedded in
an amorphous matrix of lithium aluminium oxide. The
nanostructured material shows a much higher ion con-
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ductivity than that found for the single crystalline form
[4], cf. Fig. 2.

3.2 Variable-temperature DMA measurements —
comparison with the response from electrical
conductivity

Our results using DMA are shown in Fig. 3 that displays
the mechanical loss spectra recorded. In order to find out
whether the loss peaks can be attributed to Li ion dy-
namics we estimated the temperature at which the mo-
tional correlation rate is in the order of 1 Hz. Using the
solid-state diffusion coefficients estimated from opc, we
can determine the order of magnitude of the underly-
ing Li jump rate in y-LiAlO,. According to the Einstein-
Smoluchowski equation [12, 13] the self-diffusion coeffi-
cient, Dgp is given by

Dsp = £2/(67) 3)

where ¢ denotes the jump distance of the moving ion,
and 1/t the jump rate.

Finally, the self-diffusion coefficient Dgp is linked to
D, via the relations Dyacer = Hr D, and Dyacer = fDsp
where Dyacer is the so-called tracer diffusion coefficient
[1]. H, and f represent the Haven ratio and the correla-
tion factor, respectively, connecting Dgqcer With Dgp. Al-
together this yields

_ ,oocksT .,
Dyacer = Hy qu = fe /(67) (4)
which gives
_ 6ks T 6
T 1=(Hr/f)W’UDC=(Hr/ﬂﬁ'Do (5)

directly relating the motional correlation rate !, which
is available by nuclear magnetic resonance (NMR) [14-
17], for example, with opc. Assuming H, ~ 1 and uncor-
related motion (f = 1) the ratio H,/f is of the order of
unity, thus, eq. (5) simplifies to

T =—5-Ds (6)

Besides NMR, values in the order of 7! should also
be accessible by mechanical relaxation. Using eq. (6) a
diffusion coefficient in the order of 1072 m? s—!, which
describes Li diffusion in LiAlO, at ca. 445 K, corresponds
to a jump rate being in the order of 1 Hz. This estimation
uses a mean jump distance ¢ ~ 3.1 A which represents
the shortest Li-Li distance in LiAlO, (see Fig. 1). Thus,
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Figure 3 a) Mechanical loss spectra (tan § vs T) of a LiAlO, single crystal recorded at 0.5 Hz, 5 Hz and 10 Hz. Intensities are well below
tan § = 0.005. Arrows point to the maxima of the spectra. The dashed line indicates background effects that let the peak at 0.5 Hz appear
somewhat asymmetric. Symmetric peaks are seen when background effects do not gain the upper hand. b) Mechanical loss spectrum of
LiAlO, recorded at 10 Hz; the solid line represents a fit according to eq. (10). The parameters a and b turned out to be a = b = 1indicating
Debye behaviour that relies on a single exponential relaxation function.

tan§ of a DMA measurement carried out at a fixed fre-
quency of v = 1 Hz is expected to pass through a peak at
temperatures well above 400 K — and indeed this is ob-
served in the present case (see Fig. 3).

In DMA the relevant dynamic force F, having the am-
plitude F,, that is applied to excite the sample with an
angular frequency w = 27 v is given by

F = Fyexp(i(wt+8)) (7)
8 represents the phase. Young’s modulus £ is defined as
F1

E:T%:Eﬁﬂ )

=

with % being the dynamic displacement of the sample,
X = x exp(int), and k representing a constant that de-
pends on the thickness # of the sample, its width w
and the distance d between the two metal supports:
k= w/4 x (f/d). The mechanical loss, tan é, (or internal
friction) is given by the ratio

"
tané = Va 9)
as mentioned above. Usually we expect tané values
smaller than 0.4 if they origin from ionic displacements.
Care has to be taken to reduce background effects re-
sulting from friction between the sample and the metal
supports.

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In Fig. 3 the mechanical loss tané of our DMA mea-
surements is shown as a function of temperature for
three excitation frequencies ranging from 0.5 to 10 Hz. In
our case tan § values are significantly smaller than 0.005.
Hence, it is by far not easy to detect the loss peaks of
interests that are due to ion hopping in LiAlO, single
crystals. Fortunately, the DMA Q800 instrument is able
to record tan$ values with a sensitivity of 10~ using a
resolution of 1073, Proper calibration and positioning is
needed as well as the use of an adequate clamp system,
here a single cantilever system, that is compatible to the
sample geometry and stiffness. Moreover, a precise sam-
ple geometry and perfect surface morphology helps re-
duce background effects. Despite the difficulty with such
effects, which seem to increase with increasing excitation
frequency, in Fig. 3 a) distinct tan§ peaks are visible in
the T region expected for Li ion dynamics. For instance,
while at v = 0.5 Hz the loss peak shows up at T = 446 K,
it is shifted toward higher T (489 K, v = 10 Hz) if we in-
crease v by a factor of 20.

We used a double power law to analyze the mechan-
ical loss data. The following function, see especially the
study by Almond and West, [18], contains the fitting pa-
rameter a and bwhich are allowed to take values ranging
from 0 to 1:

1

andle. D o wn?

(10)
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Figure 4 a) to ¢) Complex plane plots (imaginary part of 2, —Z”, plotted vs the real part Z') of the impedance data recorded for the
LiAlO, single crystals. Non-depressed circles can be used to approximate the data showing that, in accordance with an almost frequency
independent o', Debye behaviour governs ion transport in the T range and frequency regime investigated. The dashed lines represent

circles whose center coincides with the Z'-axis.

with the relaxation time 7 given via

T = 19 exp (Ea M/ (ks 1)) (1)
Eq. (10) can also be written in the form

(wT)?

1+ (a)f)‘”’b (12)

tané(w, T)

In our case the data can be best represented by choos-
ing a = b = 1; this results in pure Debye behaviour. This
is also seen in Fig. 4 when we consider the complex
plane representation of the complex impedance Z. The
main electrical response that also governs the conductiv-
ity spectra, cf. the DC plateaus in Fig. 2, can be approxi-
mated with a non-depressed semicircle whose center lies
on the 7 -axis, see also [19].

Debye-like behaviour is also expected to yield elec-
trical modulus spectra that are characterized by a width
at half maximum of 1.14 decades. The complex modulus
is related to & via the complex permittivity ¢ according
to M= 1/¢ with é = &/(iwe); €y denotes the permittivity
in vacuum. In Fig. 5 selected modulus spectra M’ (v) are
shown that are scaled such that the spectrum recorded at
393 K served as a reference.

Reading off the relaxation rates at the frequencies
where M’ passes through the maxima yields rates that
roughly follow Arrhenius behaviour with an activation
energy ranging from 1.02 (393 K to 413 K) to 1.12 eV (>
600 K), depending on the temperature range. This is close
to the result found by analyzing opc(1/T) (see above),
particularly if we consider higher temperatures. As an
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Figure 5 Electric modulus spectra of the LiAlO, single crystals
studied. The shape of the peaks does not change significantly with
increasing temperature. Lines are drawn as guides to the eye. The
width at half maximum, viz. 1.14 decades, is close to that expected
for pure Debye behaviour. M’ . is the amplitude of M” at 393 K.

max

example, at ca. 473 K the modulus peak shows up at
approximately v = 20 Hz. This electrical relaxation fre-
quency is, within a factor of 4-5, in agreement with the
mechanical one of DMA; note that loss peaks are seen
at approximately 480 K at 5 Hz (see Fig. 3). Coming back
to the shape of the tand loss peaks of Fig. 3 (see, for
instance, b)) the fits according to eq. (10) yield activa-
tion energies of E, v = 1.2(1) eV and pre-factors in the
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Figure 6 Arrhenius plot of the diffusion coefficients obtained from
electrical and mechanical measurements. The dashed-dotted line
is an overall fit thatincludes all of the data points. It yields 1.12 eV as
a mean value over the temperature range studied. The dotted line
indicates the position of the diffusion coefficients derived from
simulations of variable-temperature 1D 7Li NMR spectroscopy [10].

order of 7y &~ 4.5 x 10~1° s. The latter value falls into the
range of phonon frequencies underpinning the reliabil-
ity of the data derived from DMA. E, \y is in good agree-
ment with the results from conductivity spectroscopy.

For a quantitative comparison, we treated the me-
chanical relaxation times ¢ as Li residence times and
converted them into diffusion coefficients using eq. (3).
By choosing ¢ = 3.1 A (see above) the coefficients ob-
tained are in good agreement with those of electrical re-
laxation. For comparison, in Fig. 6 the rates of the modu-
lus peaks are also included; they have been transformed
into D values according to the same procedure.

The dashed-dotted line in Fig. 6 represents an Ar-
rhenius line considering all of the data points; it yields
an overall activation energy of 1.12 eV. Recently, almost
the same value (1.14 eV) has been reported by some of
us for microcrystalline LiAlO,. Heitjans and co-workers
[10] studied the orientation dependence of Li ion trans-
port in LiAlO, single crystals: along the [001] direction
1.26 eV was found, along the [110] direction ion trans-
port is reported to be governed by 1.14 eV; the data re-
fer to temperatures ranging from 423 K to 623 K. The
activation energy from diffusion-induced “Li NMR re-
laxometry, which was restricted to temperatures lower
than 1000 K, is ca. 0.72 eV [10]. Konishi and Ohno re-
ported on a similar value previously (0.77 eV) [19]. This
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=z nhysik

value refers to the so-called low-T flank of a relaxation
rate peak. Most likely, it is influenced by correlation ef-
fects. The deviation was interpreted as an indication for
a vacancy diffusion mechanism being relevant for long-
range ion transport in LiAlO,. Interestingly, via the exam-
ination of variable-temperature, static 1D “Li NMR spec-
tra (293 K to 1023 K) the authors analyzed the change
of quadrupole intensities with temperature; Heitjans and
co-workers were able to deduce an activation energy of
1.12 eV [10] that agrees remarkably well with that of our
experiments.

The most recent results by Wiedemann et al. [20],
which were extracted from preliminary neutron diffrac-
tion studies at high temperatures on LiAlO, single crys-
tals, give evidence for the temporary involvement of dis-
torted octahedral voids connecting two regular Li posi-
tions. Possible through-going migration pathways point
to activation energies ranging from 1.25 to 1.7 eV. This in-
cludes Li migration along the hexangular-like channels
along the (100) direction as well as the quadrangular-like
channels along the [001] direction [20].

Of course, ion diffusion might be influenced by im-
purity ions giving rise to extrinsic regions in conductivity
spectroscopy with lower mean activation barriers. Note
that for the intrinsic region activation energies ranging
from 1.26 eV [19] to 1.47 eV [21] were reported. In the
study of Konishi and Ohno the extrinsic to intrinsic tran-
sition was detected at ca. 1040 K. Below that temperature
an activation energy of 0.81 eV was found; this is compa-
rable to the value which was reported by Matsuo et al.
(0.79 eV) [21]. The fact that our activation energy is in
agreement with the intrinsic one underlines the high pu-
rity of the crystals used.

4 Summary

Li ion dynamics in y-LiAlO; single crystals was investi-
gated by both electrical and mechanical excitation. The
material served as a model system to study ion dynam-
ics with no partial occupancies on the Li sites. Conduc-
tivity isotherms and impedance data analyzed in com-
plex plane plots reveal Debye-like electrical relaxation
behaviour that is characterized by an activation energy
of ca. 1.12 eV. Around 500 K the solid-state diffusion
coefficients derived from DC conductivities agree well
with those estimated from dynamic mechanical anal-
yses. Characteristic mechanical loss peaks, which also
point to Debye behaviour, show up between 446 K and
489 K if frequencies ranging from 0.5 to 10 Hz are used to
record tan § values.

Our results nicely agree with those recently found
by the evaluation of quadrupole satellites of ‘Li NMR
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spectra being sensitive to local electric field fluctuations
at the nuclear sites. In summary, a single, Debye-like Li
diffusion process was probed covering a dynamic range
of ca. 10 orders of magnitude. It illustrates extremely slow
Li exchange at ambient temperature that is presumably
due to (i) the highly regular arrangement of Li ions in
tetrahedral coordination, (ii) the low number density of
vacant sites in the Li sublattice and, finally, (iii) the unfa-
vorable connection of the LiO4 polyhedra in LiAlO,, i.e.,
via corner-sharing.

Acknowledgements. We thank our colleagues at the TU Graz
for valuable discussions. Financial support by the Deutsche
Forschungsgemeinschaft (DFG Research Unit 1277, grant no.
WI3600/2-2 and 4-1) as well as by the Austrian Federal Ministry of
Science, Research and Economy, and the Austrian National Foun-
dation for Research, Technology and Development (CD-Laboratory
of Lithium Batteries: Ageing Effects, Technology and New Materi-
als) is greatly appreciated.

Key words. Slow Li-lon Dynamics, Mechanical Relaxation, Con-
ductivity Spectroscopy, Lithium Aluminium Oxide.

References

[11 H. Mehrer, Diffusion in Solids (Springer, Berlin,
2006).

[2] P Heitjans, A. Schirmer, and S. Indris, in: Diffusion
in Condensed Matter — Methods, Materials, Mod-
els, edited by P. Heitjans and J. Kérger, 2nd edition
(Springer, Berlin, 2005), chap. 9, pp. 369-415.

[3] P Knauth, Solid State Ion., 180, 911 (2009).

[4] D.Wohlmuth, V. Epp, P. Bottke, I. Hanzu, B. Bitschnau,
I. Letofsky-Papst, M. Kriechbaum, H. Amenitsch, E

530 www.ann-phys.org

J. Langer et al.: Mechanical detection of ultraslow, Debye-like Li-ion motions in LiAlO; single crystals

Hofer, and M. Wilkening, J. Mater. Chem. A, 2, 20295
(2014).

B. Roling and M. D. Ingram, Solid State Ion., 105, 48
(1998).

B. Roling and M. D. Ingram, Phys. Rev. B, 57, 14192
(1998).

B. Roling, A. Happe, M. D. Ingram, and K. Funke, J.
Phys. Chem. B, 103, 4122 (1999).

M. D. Ingram and B. Roling, J. Non-Cryst. Solids, 265,
113 (2000).

M. D. Ingram and B. Roling, J. Phys.: Condens. Matter,
15, S1595 (2003).

S. Indris, P. Heitjans, R. Uecker, and B. Roling, J. Phys.
Chem. C, 16, 14243 (2012).

K. Funke, C. Cramer, and D. Wilmer, in: Diffusion
in Condensed Matter — Methods, Materials, Mod-
els, edited by P. Heitjans and J. Kérger, 2nd edition
(Springer, Berlin, 2005), chap. 21, pp. 857-893.

A. Einstein, Ann. Phys. (Berlin), 17, 549 (1905).

M. Smoluchowski, Ann. Phys. (Berlin), 21, 756 (1906).
J. Langer, V. Epp, P. Heitjans, E A. Mautner, and M.
Wilkening, Phys. Rev. B 88, 094304 (2013).

A. Dunst, V. Epp, I. Hanzu, S. A. Freunberger, and M.
Wilkening, Energy Environ. Sci., 7, 2739 (2014).

V. Epp, O. Giin, H. J. Deiseroth, and M. Wilkening, J.
Phys. Chem. Lett., 4(13), 2118 (2013).

A. Kuhn, S. Narayanan, L. Spencer, G. Goward, V.
Thangadurai, and M. Wilkening, Phys. Rev. B, 83,
094302 (2011).

D. P Almond and A. R. West, Solid State Ion., 26, 265
(1988).

S. Konishi and H. Ohno, J. Am. Ceram. Soc., 67, 418
(1984).

D. Wiedemann, S. Nakhal, S. Zander, and M. Lerch, Z.
Anorg. Allg. Chem., 640(11), 2342 (2014).

T. Matsuo, H. Ohno, K. Noda, S. Konishi, H. Yoshida,
and H. Watanabe, J. Chem. Soc., Faraday Trans. 2,
79(8), 1205 (1983).

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



3.3 Garnet-type Solid Electrolytes

3.3 Garnet-type solid electrolytes

In the last years extensive experimental effort has been directed towards the development and
application of solid electrolytes in all-solid-state batteries, in order to enhance performance,
durability and safety of the electrochemical system. The prerequisites, high ionic bulk conduc-
tivity and a large electrochemical window were met for garnet-type Li ion conductors [110].
Murugan and co-workers reported of cubic Li;La;Zr,O1» (LLZO) which exhibited a high con-
ductivity value of 3 X 10™*S cm™ and chemical stability against Li metal[111].

Since this breakthrough in the field of solid-state batteries, a lot of scientific effort has gone
into the understanding the origin of the high ionic conductivity in LLZO and into further im-
provement by supervalent doping (e.g., AI** for 3 Li*). In fact, by doping with Al, LLZO can be
stabilized in the cubic polymorph at room temperature, which exhibits a higher conductivity
than tetragonal LLZO. Doping of LLZO with Al or Ga takes place on the Li sub-lattice; hence,
it considerably influences lithium ion dynamics. In the garnet structure, Al seems to preferen-
tially occupy tetrahedrally coordinated 24d and 96h lattice sites [112] (see Fig. 1 in P4). The
24d site represent a “junction” in the Li pathway, which was reported to result in a blocking
effect and decreased Li mobility, if this site is occupied by dopant atoms. The situation could be
different if 96h lattice sites (distorted tetrahedrally coordinated) are occupied, which, accord-
ing to Rettenwander et al [113], can be achieved if Ga is used as a dopant. Due to its position
right below Al in the periodic table Ga should show a similar crystal chemical behavior and can
also stabilize the cubic LLZO-phase. However, at the same time the local structure changes by
the preferred occupation of 96h sites by Ga cation. In order understand these surprising site
occupation preferences and the influence of Ga doping on Li ion dynamics, mixed-doped
ALGa-LLZO garnets were provided by D. Rettenwander (Universitit Salzburg, Austria) and
studied with high-resolution 7'Ga and Al NMR at 21.1 T. NMR studies were performed in the
frame of a research stay in the group of Prof. G. Goward (Hamilton, Canada), and in collabora-
tion with the National Ultrahigh-Field NMR Facility for Solids (Ottawa, Canada). The corre-
sponding publication P4 is presented below. Interestingly, our studies did not corroborate pre-
vious findings of Ga solely occupying 964 sites. For Ga, a similar site occupation preference was
found as for Al-, viz. substitution of Li ions on both 96k and 24d position. Thus, the change in
Li dynamics is hypthesized to result from the change in lattice constants, rather than from a site
preference of the dopants or a blocking effect for the 24d position. In this context a brief de-
scription on quadrupole Ga NMR in solid Li ion conductors is found as an introduction to our

study.

-145-






P4. (pp. 149-156)

Site occupation of Ga and Al in stabilized cubic Li7_3(x+,)Ga.Al,La3Zr,O012
garnets as deduced from *’Al and 7'Ga MAS NMR at ultrahigh magnetic
fields

D. Rettenwander, ]. Langer, W. Schmidt, C. Arrer, K. J. Harris, V. Terskikh,
G. R. Goward, M. Wilkening, and G. Amthauer, Chem. Mater. 27,3135 (2015)

Excursus: Solid-state Ga NMR in crystalline solids[114]
Compared to other nuclei of group III such as ''B or *’Al, Ga NMR remains relatively undevel-

oped. Both isotopes Ga and ”'Ga are NMR-active nuclei, both with a spin angular momentum
I=3/2.7'Ga has a natural abundance of 40%, with a gyromagnetic ratio y= 8.2 x10"rad T"'s™
and an electric quadrupole moment Q = 1.07 X107’ m?” similar to that of *’Al. However, the
quadrupole splitting is about three times larger, given the same strength of the EFG, as it is a
spin-3/2 nucleus. Consequently, this results in large quadrupolar broadenings of the first and
second order, hence much broader line shapes are obtained for ®'!Ga compared to ''B or *’Al.
Note that ®Ga has a larger quadrupole momentum Q = 1.68 xX10*m?* and thus even larger
quadrupole coupling constant Cq. As the second-order quadrupolar line broadening is propor-
tional to g.. /Vo (with g.. denoting the principle z-component of the EFG and v as the Larmor
frequency), “Ga lines are thus three times broader than 'Ga line shapes, although it has a high-
er natural abundance (60%). With the help of magic-angle spinning, first order quadrupolar
interactions affecting the central transition can be removed. However, line broadening due to
second-order effects result in non-symmetric broad line shapes. (For more detailed information
see section 2.3.2) Due to lattice strain and local disorder, e.g. as in the case of LLZO, perfect
tetrahedrally and octahedrally symmetric environments (asymmetry parameter 7)q = 0) for the
Ga nucleus are distorted, which results in even larger EFG at the site. This is reflected in the
7'Ga NMR line shapes recorded for Al-,Ga-doped LLZO presented in P4. Here, both a sharp
and a broad Ga line is observed representing two distinct, more and less distorted, tetrahedral-
ly-coordinated Ga sites. However local disorder has to be taken into account, which compli-
cates peak assignment by the magnitude and value of Cq and 7o
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ABSTRACT: Li-containing garnets, which are stabilized in their cubic
modification by doping with Al or Ga, show very high Li-ion conductivities. This
property qualifies them to be used as solid electrolytes in advanced all-solid-state
batteries. The relation between local structures and dynamic properties, however, is

still not fully understood. Here, cubic mixed-doped Li;_(,,,)Ga,AlLa;Zr,0, %

garnet solid solutions with different portions of Al and Ga were synthesized. It £ | g, % =
turned out that the solubility of Ga is higher than that of Al; the evaluation of 42 g

different doping compositions indicated an increase of the lattice parameter a, with = 4}, l
increasing Ga content. "'Ga MAS NMR spectra recorded at 21.1 T revealed two % .(b S L

7'Ga NMR resonances, corresponding to Ga occupying both the 24d (243 ppm) i e e

and 96k sites (193 ppm). This behavior, which has been observed for the first time — bl -
in this study, is very similar to that of Al. The ”'Ga NMR line at 193 ppm observed 24 d796h ;0

here remained invisible in previous NMR studies that were carried out at lower

magnetic fields. The invisibility at lower field is because of large second-order quadrupolar broadening that has a lower effect on
the "Ga NMR spectra at higher magnetic field. Most importantly, the similarity in site preference of Al and Ga found here
inevitably raises a question about the significance of a blocking effect on long-range Li-ion transport. It weakens the assumption
that the site preference of dopants is responsible for the higher Li diffusivity of Ga-doped samples compared to the Al-doped
analogues. Concerning Li-ion dynamics, our ’Li NMR line shape measurements indicate that the change in lattice constant a,
with increasing doping level seems to have a larger influence on Li-ion dynamics than the Al:Ga ratio.

1. INTRODUCTION quently, attention has been directed to other dopant cations,
such as gallium. In the periodic table, Ga is located directly
below Al; hence, it should show a crystal-chemical behavior
similar to that of Al. Indeed, the successful stabilization of cubic
garnet-type LLZO via the incorporation of Ga has been

Since the initial study by Murugan et al. in 2007, Li;La;Zr,0,,
(LLZO) garnet has received much scientific attention as a fast
Li-ion conductor." Superior chemical and thermal stability, and
electrochemical inertness in a wide potential window, oo
particularly its stability against Li metal, make LLZO an reported recently.

excellent candidate to be used as solid electrolyte in both Li-ion Much experimental as well as theoretical effort has been
and Li oxygen batteries. undertaken to collect information on the local coordination as

The garnet-based structure occurs in at least two structural well as the site preferences of the dopants in LLZO. Some of
modifications, viz.,, a low-temperature tetragonal phase (space our group have shown that Al preferentially occupies the
group I4,/acd) and a non-quenchable high-temperature cubic tetrahedrally coordinated 244 sites as well as the distorted four-
phase (space group Ia3d); the latter is shown in Figure 1.>* Li- fold-coordinated 96h sites in LLZO.'® For Ga, on the other
ion conductivity of the cubic polymorph is 2 orders of hand, recent 7’Ga NMR studies indicated that only a single site
magnitude higher (1073~10~* S cm™!) compared to that of the (viz., the 96k site) is occupied by the dopant, irrespective of the
tetragonal polymorph (107° S cm™). Fortunately, the cubic
phase can be stabilized at room temperature (RT) by replacing Received: February 22, 2015
Li with supervalent dopants (e.g, A" < 3Li"), as has been Revised:  March 30, 2015
previously demonstrated in many investigations.”> Conse- Published: April 2, 2015
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Figure 1. (a) Crystal structure of cubic LLZO (Ia3d). Blue
dodecahedra (24c) are occupied by La®*, green octahedra (16a) by
Zr*. The Li ions are distributed over three sites, viz., tetrahedrally
coordinated (24d) sites represented by purple spheres, octahedrally
coordinated (48g) sites represented by red spheres, and distorted four-
fold-coordinated (96h) sites represented by yellow spheres. The
figures on the right show the polyhedra of the main Li pathway. Red
spheres/polyhedra indicate the occupation of one of the vacant sites,

24d (b) and 96h (c), by a dopant.

amount of Ga introduced.” Since the 24d site forms a junction
between the loops of the Li-ion pathways in LLZO, the
occupation of this site is suspected to act as a blockade for the
mobile Li ions; this might be in contrast to the situation when
only the 96h sites are occupied (see Figure 1).

Consequently, provided there is a significant site preference
for Al and Ga, one might expect a measurable influence on Li-
ion transport properties of LLZO, as discussed by Allen et al."!

In order to test this assumption, we synthesized mixed-doped
LLZO:(Ga,Al) with varying portions of Al and Ga. Here, a
series of Li;_(,,,)Ga,ALLa;Zr,0y, garnet solid solutions with
intended mole fractions of x Ga and y Al, with x, y € {0.0, 0.1,
.y 0.8 A x + y < 0.8} per formula unit (pfu) were synthesized
by a conventional high-temperature sintering method."* For the
sake of simplicity, samples are given with the following
formulas:

Lis4Gag,- AL La;Z50), — Gag,_ Al
with y = 0.0-0.2

Lig1Gag;- Al La;Z50,, = Gagz_ Al
with y = 0.0-0.3

Lis §Gag,_ Al LasZr, 0y,

with y = 0.0—-0.4

— Ga0.4_),Aly,

Lis (Gagys_ ),AlyLa3Zr2012

with y = 0.0-0.5

- Gags_Al,

Lig,Gag4_ yAlyLa3Zr2012

with y = 0.0-0.6

- Ga0.6—yAly)

Li, oGay,_,Al La;Zr,0,,

with y = 0.0—0.7

- Ga0.7_),Aly,

3136

Lig6Gagg_ Al La;Z5,0,, — Gagg_ Al

with y = 0.0—0.8

Thereafter, the samples were investigated by X-ray powder
diffraction (XRPD), scanning electron microscopy (SEM), and
Al (spin-quantum number I = 5/2) and "'Ga (I = 3/2) magic
angle spinning (MAS) nuclear magnetic resonance (NMR)
spectroscopy. The latter was used to probe local magnetic and
electronic structures. Finally, the Li-ion dynamics was studied
by Li (I = 3/2) NMR spectroscopy.

2. EXPERIMENTAL SECTION

Syntheses. The starting materials were Li,CO; (99%, Merck),
La,0; (99.99%, Aldrich), ZrO, (99.0%, Aldrich), Ga,0; (99.0%,
Aldrich), and Al,O5 (99.0%, Aldrich).The well-ground powder was
first calcinated at 900 °C and then reground, pelletized, and sintered at
1050 °C for 16 h. A small fragment taken from the middle of the
sintered pellets was ground and used for the XRPD and NMR
investigations. For SEM analysis, polycrystalline chips from the pellets
were embedded in epoxy holders, and then the surface was ground and
polished using diamond paste.

XRPD. Diffraction patterns were recorded with a Siemens D8
diffractometer using Cu Ko radiation. This was done to characterize
the synthetic products in terms of all phases present and to determine
the symmetry and unit-cell dimension of the garnet. Data were
collected between 10° and 80° 26. The lattice parameter a, and the
average grain size were obtained by Rietveld refinement using the
program Topas V2.1 (Bruker).

SEM. Images were taken using a Zeiss Ultra Plus device. In
particular, we put emphasis on the investigation of the phase
composition and the chemical homogeneity, i.e., the distribution, of
La, Zr, and Al, using a back-scattered electrons (BSE) detector and
energy-dispersive spectroscopy (EDS) measurements, respectively.

Solid-State NMR. Al and 7'Ga MAS NMR spectra, including the
multiple quantum (MQ) MAS spectra, were acquired at RT using a
high-performance Bruker Avance II 900-MHz spectrometer. The
spectrometer is connected to a cryomagnet with a nominal field of
21.1 Tj it is installed at the Canadian National Ultrahigh-Field NMR
Facility. The value of 21.1 T corresponds to Larmor frequencies @,/27
= 234.5 MHz for Al and 274.5 MHz for "'Ga. All experiments were
performed under MAS conditions at spinning rates of 25 kHz (*’Al),
31.25 kHz (Al triple quantum (3Q) MAS), and 30 kHz ("' Ga), using
a Bruker 2.5 mm H/X probe. Chemical shift values, &, were
referenced to 1 M aqueous solutions of Al(NO,); and Ga(NOj;);. The
one-dimensional MAS spectra were recorded via single pulse
excitation; very short pulse lengths of 1.0 ps (*’Al) and 0.5 us
("'Ga) were used. For the Al and 'Ga measurements, the recycle
delay was set to 0.5 s in both cases. The NMR acquisition conditions
were tested to ensure quantitative spectra. 2’Al MAS NMR spectra
were recorded with 640 scans, while "'Ga spectra were acquired with
16k scans (GagsAlyg GagsAlyy, Gag,Aly,) or 32k scans (Gag,Alys).

*’Al 3QMAS NMR spectra were acquired using a standard three-
pulse sequence with a Z-filter. The spectra were rotor-synchronized in
the F1 dimension, and a relaxation delay of 2.5 s was used with 192
(GaggAly,) or 288 (Gag,Aly,) scans per each of the 128 tdl
increments. The DMFit software was used to simulate the NMR line
shapes and to determine chemical shift values as well as to estimate the
corresponding coupling constants and asymmetry parameters.

Variable-temperature "Li NMR line shapes were recorded under
non-MAS conditions at 11.7 T (193.4 MHz) using a Bruker Avance III
spectrometer in combination with a commercial Bruker probe for
broadband applications. Typically, the 90° pulse length was
approximately 2 us; we used a solid-echo pulse sequence to record
the spectra.

DOI: 10.1021/acs.chemmater.5b00684
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Figure 2. (a) XRPD patterns of Gay,_,Al, with x = 0.0, 0.1, 0.2, 0.3, and 0.4. The diffraction pattern of cubic LLZO (red) is shown for comparison.
(b) Portion of LLZO in the synthesis as a function of the Ga content. The lines, serving as guides to the eye, correspond to different solid solutions.
Above these lines, phases other than LLZO are present. These extra phases are given in Table SI in the Supporting Information. (c) Unit-cell
parameter a, of Ga,Al, garnets as a function of Ga content. The dashed line represents the average of the multiple curves; the solid line is a linear fit
of the multiple averaged curves.

3. RESULTS AND DISCUSSION Ga. By increasing the Al portion (y) in Ga,_,Al, with x < 0.8,

Phase Composition As Seen via XRPD. The XRPD the amount and the number of extra phases rise simultaneously.
patterns of Gag,_,Al, are shown in Figure 2, together with the P}%asejpuAre Ga-doped LLZO can be synthesized up to X = 0.8;
pattern of cubic LLZO.> For the patterns of all other solid Fhls 1s 10 co.nt1.'ast to Al-doped LLZQ’ for which the
solutions, we refer to Figure S1 in the Supporting Information. incorporation limit turns out to be approximately 0.3 pfu.

Phase compositions were evaluated by Rietveld analysis, with Lattice Parameter (XRPD). The unit-cell constant, ao, was

the corresponding results summarized in Table S1. These data evaluatefi by Rietve.ld a{nalysis. Results are surr_lmz?rize.d in Table
are also illustrated in Figure 2b, showing the portion of LLZO S1 and illustrated in Figure 2c. There is no indication that a,
in the syntheses as a function of Ga content. The solid solutions follows a general trend for the singly doped solid solution
synthesized exhibit reflections clearly showing cubic symmetry. (Ga,Aly, and Gao.oAly)- Our findings are in agreement with
There are no indications of any phases formed other than previous studies on Ga-doped LLZO, where the lattice
LLZO for Gagy_,Al, with y < 0.4. The sample with y = 0.4 parameter g, does not chan7g8e systematically or significantly
shows a low-intensity single reflection representing <1 wt % with the amount of dopants.”” This is probably related to the
LaAlQ;. This impurity phase is also seen by 27A1 MAS NMR in aliovalent doping mechanism, where three Li* ions are
the sample with y = 0.3; in that case it seems to be X-ray substituted by one Ga®, and to the variation in site occupation.
amorphous. The other samples are phase pure, independent of Interestingly, the a, \Zalue increases with the Ga portion by
the intended portion of dopants. In all solid solutions with x + y approximately 0.015 A/Ga pfu. In our study, the Li content
> 0.5, the number and the amount of extra phases increase with remains constant, but Al is continuously replaced by Ga within
the portion of Al Typically, these extra phases are LaAlO;, each series. Thus, in this case, the larger ionic radius of Ga
Li,Zr,0;, and La,Zr,O; the more Al is present, the more easily seems to be responsible for the slight increase in a, observed.
those phases are formed. More details about the samples are Phase Stability and Solubility of Al and Ga. So far,
given in the Supporting Information. The evaluation of the efforts have been made to investigate the solubility of Al and Ga
LLZO portion in the syntheses, as shown in Figure 2b, gives in LLZO and their influence on phase behavior. A detailed
evidence for a lower incorporation limit of Al as compared to study on the role of the amount of Al and Li in cubic LLZO

3137 DOI: 10.1021/acs.chemmater.5b00684
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was presented by Rangasamy et al.'> Those authors showed
that the Al content has to be above a critical concentration of
0.20 pfu to stabilize the cubic garnet phase. Otherwise, if the Al
content is above 0.39 pfu, two phases will form, cubic LLZO
and LaAlO;. Because Ga is located directly below Al in the
periodic table, one may suspect Ga to have effects similar to
those of Al on the stabilization of the cubic phase. Indeed,
phase-pure cubic LLZO garnet can be obtained with a Ga
content ranging from 0.16 to 0.72 pfu.”

Here, we were able to show that mixed doping with Al and
Ga stabilizes the cubic phase in the same way as known for
doping with a single element. It turned out that the solubility of
Ga is higher than that of Al. Furthermore, the amount of extra
phases increases with increasing Al portion. Most likely, the
reason for the lower incorporation limit of Al compared to Ga
can be related to the larger difference between the radii of Li
(r[4] = 0.59 A; r[6] = 0.74 A) and Al (+[4] = 0.39 A; r[6] =
0.53 A) compared to the difference between Li and Ga (r[4] =
0.47 A; r[6] = 0.62 A)."* According to Goldschmidt’s rule, the
maximum change in ionic radii should be below approximately
15% to fully substitute a given cation in solid solutions.
Consequently, owing to the smaller radii of Al in different
coordination spheres, one might expect a lower incorporation
limit for Al ions than for Ga ions. Recently, the preparation of
Al-doped LLZO samples with up to 1.78 Al pfu, namely
Lig 36Al, 7L, 5,71, 33015, has been tried via mechanosynthesis
combined with calcination.'® Here, 1.78 Al pfu means that 6.36
+1.78 = 8.14 AI** cations are distributed over the Li sites (244,
48g, and 96h). Because of repulsive Li'—Li" and Li'—AP*
interactions, no more than 60 out of 168 available Li sites per
unit cell (= 7.5 Li pfu) can be occupied by Li that is distributed
among the available sites 24d, 48g, and 96h. This estimation is
based on the assumption that, if a Li ion is located on a 244 site,
Li jons in the immediate neighborhood will be displaced to a
96h void next to an empty 24d position. The value of 7.5 Li pfu
is in agreement with the upper incorporation limit found
experimentally by Rangasamy et al."?

Additional Al ions, however, might also be found in side
products such as LiAlO, or LaAlOs, as mentioned above.'” If
present in an amorphous form, they are expected to be invisible
by X-ray diffraction but detectable by NMR spectroscopy. Due
to signals overlapping in Al MAS NMR, however, it can be
difficult to detect such phases. As an example, J;, of crystalline
or X-ray amorphous LiAlO, (the y- or 5-form) shows up at ca.
82 ppm, which falls into the same ppm range of *’Al on 96k in
LLZO." In ref 15, some of the Al MAS NMR resonances at
around 80 ppm, which should be interpreted as a single site in
AI-LLZO, broaden with increasing Al content; in some cases a
shoulder located at 82 ppm is visible for large Al portions. This
feature might be attributed to the increasing formation of side
products such LiAlO,. Amorphous extra phases may work as a
sintering aid and assist in connecting the LLZO particles, thus
enabling long-range ion transport because of reduced ion-
blocking effects stemming from low-conducting grain boundary
regions.” Note that, in analogy to the Al-doped oxides, the
formation of crystalline LiGaO, has also been observed during
the synthesis of Ga-bearing garnets.®

Element Distribution (EDS Mapping). For illustration, Al
and Ga incorporation and distribution were evaluated for a
representative sample, Gag,Al,,, by using BSE and EDS
mapping (see Figure 3). The grains formed are smaller than 10
pum in diameter and are partly connected to each other. The
element mapping of those grains clearly indicates that Al and

3138

Figure 3. (Left) BSE image and (right) EDS element mapping of a
representative sample, namely LisGag,Al;,La;Zr,O},. The intensity
of the color does not correspond to the amount of the element
measured.

Ga are successfully incorporated and homogeneously dis-
tributed throu§hout the garnet structure.

Al and "'Ga MAS NMR. Selected NMR spectra of
samples with the composition Ga0_4_yAly, with y = 0.1, 0.2, 0.3,
and 0.4, are shown in Figure 4. The position and the shape of
the lines were evaluated with DMFit software; the results are
summarized in Table 1.
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Figure 4. (a) "'Ga (black) and (b) *’Al (blue) MAS NMR spectra of
Lis §Gag4—,Al La;Zr,0,, garnets recorded at 21.1 T. Asterisks denote
spinning side bands. See text for further details.

"'Ga (I = 3/2, natural abundance 39.6%) and Al (I = 5/2,
natural abundance 100.0%) are quadrupolar nuclei; the
corresponding interaction of their quadrupole moments
(Qrg, = 1.07 x 107 m? and Qv = 1.466 X 107% m?) with
surrounding electric field gradients results in specific shapes of
the NMR lines that depend on the interplay of the magnitude
of the external magnetic field applied and the underlying
coupling constant and asymmetry parameters characterizing the
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Table 1. NMR Parameters of Li;_s(.,, Ga,AlLa;Zr,0,, As
Obtained by *’Al and ""Ga MAS NMR as Well as Static "Li
NMR

sample NMR &, (ppm) Co (MHz) assignment fwhm® (Hz)
GagoAly, YAl 65.9 244
79.5 96h 5700
117 LaAlO,
Gag, Al 4 YAl 65.9 24d
79.5 96h
11.6 LaAlO 3 5700
"'Ga ~* 24d
- 9611
Gag,Aly, YAl 65.5 24d
o o6k 4500
"Ga ~* 24d
-* 96h
Gag Al YAl 65.2 24d
83.1 96h 3000
Ga 193 11.1 24d
243 4.9 96h
G Al 71 )
403l Ga 193 114 24d 2200
243 3.9 96h

“Full width at half-maximum, line widths as obtained from static "Li
NMR line shape measurements at ambient temperature. bSignal
observed but not simulated due to insufficient S/N.

interaction. While first-order electric quadrupole interactions
are largely eliminated by sufficiently fast spinning, MAS is
unable to remove the second-order effects.

Al NMR spectra of Al-doped LLZO have already been
extensively analyzed in the past; see, e.g, refs S and 10. In
accordance with previous reports, our Al MAS NMR spectra
of mixed LLZO show two characteristic resonances at ca. 66
ppm and ca. 81 ppm, irrespective of the amount of Al inserted.
For the samples with high Al content, an additional resonance
at 12 ppm was found; it reflects octahedrally coordinated Al
ions in LaAlO;, which is a known extra phase that forms during
the synthesis of Al-doped LLZO.®> As mentioned above, LaAlO,
was also observed in XRPD for samples with high Al content.
Since in our case the magnetic field interaction at By = 21.1 T is
much stronger than the quadrupole interactions, our Al MAS
NMR spectra benefit from a better resolution, resulting in sharp
signals with almost isotropic line shapes. For this reason, the
Al NMR parameters Cq and 7 cannot be simulated well with
DMFit; however, the apparent chemical shift values can be
measured.

Here, also considering our recent study,'’ we assign the
chemical shifts at 66 and 81 ppm (see Table 1) to Al ions
residing on the 24d and 96h sites, respectively.'® This
assignment is in agreement with recent studies by other
groups, focusing on the site preference of Al in LLZO; the
resonance near 66 ppm has consistently been interpreted to
reflect Al ions on the 24d position.*>'>'7 In one of those
studies, the resonance was extraordinarily broad and, therefore,
was interpreted as a superposition of two resonances assigned
to two different 24d sites of LLZO phases, which had not yet
reached thermodynamic equilibrium."”

3139

In most of the published *’Al MAS NMR spectra of LLZO, a
second resonance shows up at approximately 80 ppm, being
carefully assigned to the distorted, four-fold-coordinated 96h
position. Because of the asymmetric line shape of this
resonance, the signal was suspected to be a superposition of
more than one NMR lines showing up in the region from 75 to
85 ppm. These results were afterward re-interpreted using DFT
methods."’

In order to resolve potentially overlapping lines, we studied
Gag,Aly, and GagyAly, with the help of Al 3QMAS NMR

(Figure S). This technique increases the resolution of the
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Figure 5. YAl 3QMAS NMR spectra of (a) Gay,Aly, and (b)
GagoAly, recorded at 21.1 T and a spinning speed of 31.25 kHz.

spectra that are influenced by non-negligible second-order
quadrupolar interactions which cannot be averaged by MAS, as
mentioned above.

The *’Al 3QMAS spectra of Gag,Aly, and GagAlg,
essentially prove that the line broadening is not caused by
distinct overlapping sites. However, it is worth noting that the
diagonal streaking in the 2D projection indicates a certain
distribution of chemical shifts reflecting a small amount of
disorder or strain in the sample. This feature is even more
pronounced in the *’Al 3QMAS spectrum of GagoAly, for the
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Figure 6. (a) 'Li NMR line shape measurements and motional narrowing (non-rotating samples) of a sample with a Ga content of x = 0.4, recorded
via a solid-echo pulse sequence at 194.3 MHz. At low temperatures the NMR line consists of a dipolarly broadened central line and a so-called
quadrupole foot. The central line narrows with increasing temperature, indicating rapid Li exchange between the available crystallographic Li
positions. (b) Motional narrowing of the “Li NMR line width (blue). Extreme narrowing is reached at temperatures slightly higher than 100 °C.
(Inset) "Li NMR line width, determined at ambient temperature, as a function of the Ga:Al ratio of the garnets studied (full width at half-maximum).
The solid line in (b) and the dashed line in the inset serve to guide the eye.

resonance at 81 ppm reflecting the distorted 96k site (see
Figure S). Thus, in agreement with previous works, the two
signals observed reflect Al ions residing on only two distinct
sites, viz., 24d and 96h voids, respectively.

Assignment for the "Ga MAS NMR resonances is not as
well established in the literature as the *’Al assignments. All
previous publications have observed a single 7'Ga NMR
resonance from doped LLZO, though the characteristics of
the site break up into two distinct cases.”” One publication,
focusing on the complete solid solution of Ga-doped LLZO,
with Ga contents up to 0.84 pfu, showed a single site with a
large chemical shift (5, = 244(2) ppm), a small quadrupole
interaction (Cq = 4.0(2) MHz), and an EFG tensor that
deviates from axial symmetry (17 = 0.46(3)).” A different study
revealed a single Ga site with a smaller chemical shift (5, =
207(10) ppm), a larger Cq (12.7(3) ppm), and an EFG tensor
that is essentially axially symmetric (7q = 0.05(05)).” These
characteristics mimic the two four-fold-coordinated dopant
sites in the *’Al system discussed above, as would be expected
for two elements in the same group of the periodic table.®

It is, therefore, relatively straightforward to assign the higher
chemical shift peak to Ga ions in the 96h site and the lower
chemical shift peak to 24d dopant ions. This assignment is the
only reasonable one, given that the local symmetry (S,) at the
24d site enforces axial symmetry on the EFG tensor (17 = 0).
However, we do note that local disorder (that may break this
symmetry) probably varies somewhat with the preparation
route; hence, some samples may display 24d site peaks that are
better represented by a range of parameters rather than a single
1 = 0 site. Here, the ""Ga NMR signal of the 24d site can be
best simulated with 7o < 0.3 (see below).

3140

7lGa MAS NMR spectra of the Gag,Aly, and Gag,Aly,
samples recorded at 21.1 T (see Figure 4) clearly show both
sites that were observed individually in different samples. The
signal at high chemical shift, 5, = 243(1) ppm, is narrow under
the ultrahigh magnetic field applied, though an upper limit of
4.4 MHz can still be placed on Cq. The lower chemical shift
site, 8, = 193(1) ppm, is estimated to have Cq = 11.3(1) MHzg,
and an upper limit of 0.5 can be placed on # using line shape
simulations. These parameters are in close agreement with the
published 'Ga values and mimic the ’Al NMR results as well;
therefore, we assign the 243 ppm peak to the 96k site, and the
193 ppm peak to the 244 site.

It is quite interesting that previous 'Ga NMR studies of
doped LLZO all reported that only one of the two sites was
observed.*”” Howard et al. and Rettenwander et al. analyzed
Ga-doped LLZO at an applied field of 9.4 T with relatively slow
sample spinning and observed only the narrow 96h line.”” On
the other hand, Bernuy-Lopez et al. recently investigated LLZO
doped with up to 0.3 Ga pfu at 11.75 T and fast sample
spinning; they observed only the broad 24d signal.” While the
broad 96h signal may have been obscured by the lower
magnetic field and slower spinning rates applied in the first two
of these studies, there is little doubt that the narrow peak from
the 96h site would easily have been observed in the study by
Bernuy-Lopez et al. if Ga populated this site in the material.
The observation of both sites in the same material presented
here provides the first evidence that Ga can populate both the
96h and 244 sites in the same doped LLZO. These data provide
vital information on the structure and are important for
developing the model of Li-ion dynamics of in the system.

Site Preferences of Al and Ga in Dopant-Stabilized
LLZO. If we assume that the area under the NMR line is
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roughly proportional to the amount of the measured nuclei, the
site distribution can be evaluated according to, e.g.,

A ¢+ Az,‘ c
n 1 m 2
z,'zlAli Zj:lAZj

24d pfu [i, j] =

where i is the ith resonance of nucleus 1, A;; denotes the area
under the line i, and ¢, is the intended dopant concentration of
nucleus 1, etc. The resulting site occupancies 24d:96h are quite
similar and range from 0.2:0.1 (GagpAly,, Gag,Aly4) to 0.3:0.1
(Gag,Aly,, GagsAly, GagyAly,). Comparing the NMR spectra
of the samples with a low amount of Ga incorporated (see
Figure 4), there might be a tendency that, at first, the 96h
position is preferentially occupied by Ga as compared to the
24d site. Considering the Al MAS NMR spectrum of
Gag;Al),, the Al ions seem to prefer to occupy the 244 sites
at first. However, we found a rather similar site preference for
Al and Ga; the dopant distribution among the available sites in
LLZO may, of course, depend on the synthesis conditions
chosen. This might also serve to explain differences in
interpretation, where Bernuy-Lopez et al. reported that only
the 24d site is occupied by Ga ions.”

Li-lon Dynamics As Seen by “Li NMR. Narrowing of the
’Li NMR central line with temperature, which is caused by
thermally activated Li motion, is shown in Figure 6. If we look
at the change of the line width as a function of Ga content at
ambient temperature (Table 1), we observe a decrease of the
’Li NMR line width with increasing Ga content. Gag,Aly,
shows the highest Li-ion diffusivity found in this series. The
regime of extreme narrowing is reached at temperatures slightly
higher than 100 °C, this being an indication for high diffusivity
in Gag,Aly.

The corresponding “Li (I = 3/2) NMR line shapes recorded
under non-rotating conditions are composed of a central line
and quadrupole intensities. Dipole—dipole as well as electric
quadrupole interactions are increasingly averaged due to
sufficiently fast Li exchange among the available crystallo-
graphic Li positions (see Figure 6).

The central line reveals heterogeneous line narrowing,
pointing to complex ion dynamics. From a dynamic point of
view, we have to deal with a relatively large distribution of jump
rates. At sufficiently low temperatures, some of the Li ions
distributed among the available sites in LLZO seem to be less
mobile than others, meaning not all of them have access to the
same fast diffusion pathway at the same time. This feature has
also been found for Al-doped LLZO by some of our group
recently;* it is also known for glassy ion conductors.'® The fact
that here the broad quadrupole powder pattern is affected by
thermally activated Li hopping processes at temperatures as low
as 20 °C indicates extremely rapid Li exchange (see below).

One might also think to interpret the overall line shape found
in the motional narrowing regime as a result of the spin physics
of spin-3/2 quadrupole nuclei that would lead to biexponential
relaxation transients. In our case, however, the corresponding
NMR spin—lattice and spin—spin relaxation transients do not
show multiple components; instead, they can be well fitted with
a single exponential function. Additionally, regarding the "Li
NMR line shapes well above 60 °C, a single Lorentzian-shaped,
motionally narrowed line shows up; hence, it is no longer
possible to separate the two contributions. Thus, most likely
the complex line shape observed in the line narrowing regime
does indeed reflect heterogeneous dynamics.

3141

Li jump rates can be estimated from NMR line narrowing.
The inflection point of the motional narrowing curve of the
NMR central line (see Figure 6b) is at 283 K. At this
temperature the corresponding Li jump rate, 1/7, can be
roughly estimated accordin§ to 1/7 = v,2m, where v, denotes
the rigid lattice line width; ? here we have v, = 8 kHz. This
leads to 1/7 (283 K) &~ § X 10* s7". Using an activation energy
of 0.35 eV, which is commonly found for Al-doped, highly
conducting LLZO,* this gives, at RT (300 K), a mean residence
time between two successful hops in the order of 1—10 ys. This
finding is consistent with the expected high room-temperature
Li-ion conductivity of dopant-stabilized garnets, which typically
ranges from 107> to 107 S/cm (see above).*

A possible influence of dopant cations on ionic conductivity
was first proposed by Allen et al.'" They discussed a possible
blocking effect of dopants located at the Li-ion sublattice in
garnets. In particular, the 24d site might act as a blockade for
through-going ion diffusion, as already noted above. Allen et al.
investigated garnets of the composition Lig-sLa;Zr) 75Tag,501,
with and without doping, using Al or Ga. The undoped garnet
showed the highest total Li-ion conductivity, 6, = 8.7 X 107*
S cm™" at RT, and the activation energy E, = 0.22 eV. These
values were compared to those of the Al-doped and the Ga-
doped garnets, characterized by 6, = 3.7 X 107* and 4.1 X
107* S ecm™, with E, = 0.30 and 0.27 eV, respectively.'" The
ionic conductivity of the undoped sample is reported to be
twice that of the doped samples. The doped samples showed
similar electrochemical performances. The lattice parameters of
the doped and undoped samples are reported to be g, = 12.96
and 12.95 A, respectively."!

In our opinion, the increase of o, observed and the slight
decrease of E, found for the undoped sample could also be
related to the total amount of Li present or to the change in
lattice constant a,. Evidence for the latter is given in an earlier
study by Murugan et al,,*® who investigated the influence of the
lattice parameter on Li-ion conductivity. Those authors were
able to show that the partial substitution of La by divalent
cations (e.g., Ba, Mg, Ca, and Sr) as well as by the use of higher
sintering temperatures leads to an increase of a,. This increase
is accompanied by an increase of 0, and a decrease of the E,,
as well as an increasing grain boundary resistance, Ry, As an
example, LigSrLa,Ta,0,, and LigBaLa,Ta,0;, are characterized
by 6o = 3.05 X 1075 and 9.28 X 107> S cm™, as well as a, =
12.83 and 12.97 A, respectively. This means that an increase in
a, of 0.014 A already leads to an increase of the ion
conductivity by a factor of 2; this is similar to what Allen et
al. have observed."'

In our study, we found a decrease in the "Li line width
(fwhm) as a function of the Ga content; see the inset of Figure
6b. Since the RT line width can be regarded as a qualitative
measure of translational Li-ion dynamics, it means that more
Ga has been incorporated the higher the Li-ion diffusivity.
Because (i) the Li content remains constant and (ii) no
significant site preference of the dopants Al and Ga was found
in NMR, we tend to connect the increase in Li-ion dynamics, as
seen by the change in "Li NMR line widths, with the increase of
ay rather than attributing this finding to the blocking effect of
trivalent cations located on 24d sites.
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4. Conclusion and Outlook

During the course of this PhD work different classes of materials have been investigated, viz. (i)
layered structures: Lio.7SnS; and LiCs, (ii) ultraslow ionic conductors: Li,SnO; and LiAlO,,
(ili) garnet-type ion conductors: Lis_3(y)GasAlLa;Zr;O1. Here, the contribution of material
synthesis, as in the case of lithium stannate Li,SnO;, or the study of applied systems such as
electrochemical cells was minor. The main focus was placed on material characterization, or in
a more concrete sense, the fundamental study of Li ion diffusion mechanisms and dynamical
parameters. In order to understand the complexity of Li diffusion, methods that probe ionic
motion from a microscopic and macroscopic point of view were employed. Along with conduc-
tivity measurements and dynamic mechanical relaxation analysis we employed a large portfolio
of NMR techniques and were able to access Li self-diffusion parameters and diffusion pathways
under the influence of morphology, crystallinity and structural disorder on a sub-Hz to GHz
time scale.

Lio.1»SnS,. Low-dimensional Li ion dynamics were studied in Lio17SnS, for three different
morphologies: micro- and nanocrystalline and another defect-enriched nano-sized sample. Uncor-
related Li motion in the SnS, interlayer region was successfully probed for micro-Lioi7SnS,.
However, Li diffusion in both samples of nano-Lio17SnS, proved to be more complex: Due to
the influence of amorphous or defect-rich interfacial regions broad SLRp rate maxima were,
mainly governed by correlation effects and local jumps. These findings were corroborated by
’Li NMR line shape analysis of nanocrystalline Lio1,SnS, exhibiting a two-component NMR
line. "Li NMR spectra show both fast and slow diffusing ions in the crystalline grains and in
large interfacial areas of nanocrystalline Lio17SnS,.

Furthermore, the influence of thermal annealing was studied for the microcrystalline sample.
The diffusion-induced SLRp rate peak surprisingly pointed towards two distinct diffusion pro-
cesses, taking into account that only interlayer sites should be occupied for an intercalation
degree of x = 0.17 in Li,SnS,. After thermal annealing the rate peak shifts and is then mainly
dominated by the slower of the two processes. Most likely this irreversible change in diffusion
behavior can be ascribed to a temperature-induced redistribution of the Li ions caused by an be

inhomogeneous distribution directly after chemical intercalation.
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In this context, structural characterization of Li17SnS, with neutron diffraction would help
to elucidate the Li site occupancy and Li distribution within the SnS, host material, possibly
leading to a better understanding of the underlying diffusion mechanism. Additionally frequen-
cy-dependent NMR measurements could provide more information on the anisotropic Li mo-
tion in Lio17SnS,, similarly to “Li NMR studies on Li,NbS,.[92,93 ]

LiCs. For the stage-1 graphite intercalation compound, a diffusion-induced SLRp rate peak
(in the rotating frame ) indicates a self-diffusion coefficient of Dyp &~ 1.9 X 10" m? s™* for re-
stricted (2D) and Dyp ~ 1.3 X 107'' m?s~! for non-restricted motion (3D) at 314 K . Consider-
ingan activation energy of 0.55 eV, this corresponds to D &~ 107*m® s™' at room temperature
(T = 295 K), which is lower than expected for a widely used negative electrode material. Both
spin lattice relaxation in the laboratory and rotating frame are, to a great deal, influenced by
non-diffusive background relaxation, which can be traced back to the strong coupling of Li
spins with the conducting electrons of the graphite. This could also be the reason why the reali-
zation of frequency-dependent NMR proved to be difficult. Locking frequencies higher than 10
kHz could not be applied as the magnitude of the corresponding locking pulses was were too
high to be handled by the spectrometer. Interestingly, analysis of the rate peak points towards a
non-negligible influence of diffusion perpendicular to the ab-plane, as it can be best approxi-
mated with a modified-BPP model. Overall, a uniform Arrhenius-activated dynamics can be
deduced by taking previous NMR relaxation measurements into account. In order to shed fur-
ther light onto long-range diffusion in LiCsspin-alignment echo NMR measurements have
already been carried out and are currently under preparation for publication. Preliminary re-
sults show macroscopic diffusion proceeding via the same mechanism as probed by spin-
locking NMR on a shorter length scale.

Li,SnO;. Being isostructural to Li,TiO; and Li,ZrO; diamagnetic lithium stannate fulfills
the expectations of a slow Li ion conductor with a RT self-diffusion coefficient in the order of
102° m*s™" as probed by stimulated-echo and spin-lattice relaxation NMR. However, it proves
to be an interesting model system for the study of two preferred exchange processes in a struc-
ture with three distinct Li sites. This can only be understood with the help of 1D and 2D °Li
MAS NMR. Surprisingly, Li exchange occurs along the crystallographic c-axis, with a structural
disorder possibly influencing the distribution and density of vacancies to a certain extent. A
heterogeneous diffusion behavior is corroborated by the results from static ’Li SLR and SAE
NMR experiments. The XRD pattern of Li,SnO; synthesized via high-energy ball milling indi-
cates a considerable influence of stacking faults of the alternating Li and LiSn,- layers. A com-

plicated analysis of the structural data with specialized software was not undertaken in the
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framework of this study, but could prove to be beneficial in elucidating the diffusion pathways
proposed by *’Li NMR.

LiAlO,. Following the comparative studies of mechanical vs. electrical relaxation in mixed-
conducting glasses by Roling ef al. [108,109], Debye-like Li dynamics were detected by both
dynamic mechanical analysis and DC conductivity measurements and is characterized by an
activation energy of 1.12 eV. In particular, at high temperatures around 500 K, self-diffusion
coefficients from the mechanical analyses are in good agreement with the conductivity data. By
comparing the data to "Li NMR results from literature, a single type of diffusion process can be
probed over a large dynamic range of about 10 orders of magnitude. Overall, it was shown that
the same Li transport mechanism can be accessed for a slow-conducting, highly ordered single
crystal, via both methods. This opens up the window for the fundamental study of Li ion mo-
tion in highly-ordered systems with no partial Li occupancies. However, extremely small loss
factors, as obtained for LiAlO,, might limit the applicability. Besides, an adequate clamp system
and sample geometry seems to be crucial for the detection of the loss peak. This is indicated by
preliminary tests on single-crystalline LiNbO; samples.

Li7_3(x+y)Ga,Al,La;Zr,01,. The aim of this study was understanding the enhanced Li dynam-
ics of cubic Al-, Ga-doped garnets compared to garnets doped with Al only. In the context of
previous studies a prevalent occupation of the 96h site of Ga was associated with a blocking
effect by Al occupying 244 sites in the Li sub-lattice. However via high-resolution ’Al and 'Ga
NMR at 21 T we discovered a similar site preference for both ions, i.e., occupation of 24d and
96h sites. Consequently, together with detailed analysis of the XRD data, a change in the lattice
constant might be seen as the origin of higher Li conductivity upon incorporation of Ga ions
with ionic radii larger than those of Al. This study confirms that there is yet no uniform expla-
nation found for the difference in influencing Li mobility between Al and Ga used as dopants.
Further, comparison with literature data reported for the same structure is challenging as slight
structural differences, resulting from varying synthesis conditions, seem to have a great impact

of preferred occupancies and their correlation with Li diffusion.
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Table S1. Unit-Cell Parameter of

Li, ;.y)GaAl La;Zr,0,, with x, y Rfo.0, 0.1, ...,0.8 Ax +
y < 0.8} and the Amount of Phases in the Different
Syntheses Obtained by Rietveld Refinement.”

L — s & & £
= T g ¢ ¢ ¢
@ " 5= 3 5 5
= e i
Ga, sAl,, 12.978 100 - - _
Ga,,Al,, 12.980 100 - - _
Ga,6Al,, 12.972 97 3 -
Ga, ;AL 12.974 87 2 -
Ga0<4A1044 12.973 84 10 3 2
Gag Al 12.972 72 12 3 12
Ga, Al s 12.971 74 12 5 4
Ga,, Al 12.972 63 22 8 7
Ga, Aly g 12.967 33 58 - 9
Ga, Al 12.977 100 - - -
Ga, 6Alos 12.978 100 - - i
Ga, 5Al 12.973 87 2 - n
Ga, Alo; 12.973 96 2 - 2
Gay AL, 12.974 88 4 2 6
GaoAzAloAs 12.973 86 5 5 4
Ga, Al g 12.968 84 6 9 1
GavoAloq 12.964 73 7 4 16
Ga, 6Alo.0 12.973 100 - - -
Gao.sAlm 12.973 100 - - _
Ga, Al 12.971 100 - - -
Gag;Aly, 12.970 100 - _ _
Ga, Al , 12.972 92 6 > i}
Ga, Al 5 12.971 89 8 3 -
Gag 0Ale6 12.970 88 8 4 B}
Ga, ALy, 12.974 100 - - -
Ga, Ay, 12.971 100 - - -
Ga, ;AL 12.971 100 - - -
Ga, Al 12.971 100 - - -
GaoA1A10A4 12.974 97 3 _
GaooAlos 12.972 90 7 3 -
Ga, 4Aloo 12.978 100 - -
Ga, Al 12.977 100 - - -
Ga, Al 12.978 100 - - -
Gag,Al, 12.974 100 - - -
Ga, oAl , 12.970 100 <1 - -
Ga,,Al, o 12.983 100 - - -
Ga, Al 12.980 100 - - -
Ga,, Al 12.979 100 - - -
Ga, oAly4 12.971 100 - - -
Ga,,Al,, 12.976 100 - - -
Ga,, Al 12.974 100 - - -
Ga, oAl 12.971 100 - - -

®Errors of the obtained values are insignificant and there-
fore not shown.

Phase Composition (XRPD).

Ga,. Al,: Garnet solid solutions with a total dopant con-
tent of 0.5 are cubic in symmetry (see Figure 5). With an
Al content of y = 0.4 one additional phase, 3 % AlLaO,,
occurs. At an Al content of y = 0.5 3 % AlLaO;, and 7 %
Li,Zr,0, are present in the sample. The presence of extra
Al phases in the sample for y > 0.3 indicates to an upper
incorporation limit of Al close to 0.3 Al pfu.

Gag.,Al,: Samples with a total dopant concentration of
0.6 exhibit reflections indicating only cubic symmetry up
to y < 0.4 (see Figure 6). At an Al content of y = 0.4 6 %
LaAlO,, and 2 % Li,Zr,0; arise in the synthesis. Increasing
the Al content to y = 0.5 leads to extra phases, 8 % LaA-
10,, and 3 % Li,Zr,0, and with y = 0.6 8 % LaAlO,, and 4
% Li,Zr,0; are present in the sample, respectively.

Ga,,Al, garnets are single phase up to y < 0.2. With an
increasing Al content the amount of extra phases increase
simultaneously. With y = 0.2 2 % LaAlO, appear. With y =
0.3 and 0.4 two additional phases occur; for y = 0.3 2 %
AlLaO;, and 11 % La,Zr,0, and for y = 0.4 4 % LaAlO;, and
2 % La,Zr,0O, Samples with y = 0.5, 0.6, and 0.7 contain
three extra phases; we find for y = 0.5 5 % AlLaO,, 5 %
Li,ZrO; and 4 % La,Zr,O,, for y = 0.6 6 % AlLaO,, 9 %
Li,ZrO; and 1 % La,Zr,0,, and for y = 0.7 7 % AlLaO,, 4 %
Li,ZrO;and 16 % La,Zr,O.,.

Gag,Al,: LLZO with a total dopant content of 0.8 are
single phase up to y < o0.2. Probably small amounts of
extra phases < 1 wt-% are present in those samples. The
increase of the Al portion leads to an increase of the
amount of extra phases. At an Al content of y = 0.2 3 %
AlLaO; and with y = 0.3, 2 %.AlLaO, occur, respectively. If
y = 0.4—o07 three additional phases arise; for y = 0.5 10 %
AlLaO;, and 11 % La,Zr,0, and for y = 0.4 4 % AlLaO,, and
2 % La,Zr,O, In samples with y = 0.5, 0.6 and o.7 three
extra phases occurs; we find for y = 0.5 5 % AlLaO;, 5 %
Li,ZrO; and 4 % La,Zr,0,, for y = 0.6 6 % AlLaO;, 9 %
Li,ZrO;and 1 % La,Zr,0,, and for y = 0.7 7 % AlLaO,, 4 %
Li,ZrO;and 16 % La,Zr,O.,.
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B. Experimental

B.1. Apparatus
B.1.1. Solid-State NMR Setup

NMR measurements were primarily carried out on two configurations of Bruker Avance III
solid-state NMR spectrometesr of the wide-bore (WB) type. An Avance III 300 spectrometer is
connected to a shimmed cryomagnet with a nominal field of 7 T, which corresponds to a °Li
resonance frequency of 44 MHz, or 116 MHz for "Li. The second configuration involves an
Avance III 500 spectrometer together with an 11 T magnet, consequently with o(°Li) = 74
MHyz, and 1o("Li) = 194 MHz. Another configuration involved a standard-bore (SB) Avance III
operating at 11 T. For high-field NMR measurements a 21 T magnet in conjunction with a
Bruker Avance II spectrometer (SB) provided resonance frequencies of 14(°Li) = 132 MHz,
vo(7Al) = 132 MHz, vo("'Ga) = 275 MHz. The different types of probe heads that were used
for static and MAS experiments are all commercially available “standard” Bruker probes.

For static measurements a broadband Teflon probe can be employed between temperatures
of about 180 K and 450 K while a ceramic probe is designed for operation in the high-
temperature range up to 620 K. Both probes are equipped with a Eurotherm temperature con-
troller in connection with type T thermocouples.

High-resolution magic-angle spinning NMR on both the Avance III-500 and Avance II was
conducted by using 2.5 mm Bruker-type broadband probeheads (WB, SB), which allow a max-
imum spinning rate of 35 kHz.

For static measurements powder-samples were fire sealed under vacuum, using glass am-
poules typically of 3-4 cm length and 4 mm of diameter. Characterization via magic-angle-
spinning NMR was performed with the powder sample packed into zirconia rotors with 2.5mm

diameter.
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B.1 Apparatus

B.1.2. Impedance Spectroscopy Setup

For conductivity measurements of single-crystalline LiAlO, the samples were prepared as
squares with a side length of 1 cm and a thickness of 0.93 cm. Electrical contacts were applied as
Au electrodes (about 100 nm thickness) with a sputter coater (Leica EM SCD050). A detailed
description of the measurement setup is given in P3 (section 3.2.2).

B.1.3. Software

The following software was used for acquisition, processing, analysis and presentation of the
data found in this thesis.

Topspin 3.1 (Bruker Biospin GmbH): Acquisition of NMR experiments on Bruker Avance III
spectrometers, along with phase correction and Fourier transformation of the NMR spectra.

WinDeta 5.73 (Novocontrol Technologies GmbH & Co. KG): Execution of impedance

spectroscopy measurements along with data export.

DMFIT Program: Conversion of Bruker files into ASCII format; fitting of solid-state NMR

spectra.
Diamond 3.2: Visualization of crystallographic structures.
IGORPro 6.3.7: Processing and analysis of data; creating graphics.

CIFIT[56]: Fitting of data obtained from selective inversion NMR experiments. (See also:

www.chemistry.mcmaster.ca/bain/cifman.pdf)
Corel Draw X4: Processing and editing of graphics for presentation and publication.
Microsoft Office 2010: Text processing (Word, Excel).

Mendeley Desktop 1.15: Management of references.
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B.2  NMR Pulse Sequences

B.2. NMR pulse sequences

Saturation Recovery Pulse Sequence

This pulse sequence is used to measure spin-lattice relaxation rates in the laboratory frame of
reference (cf. Figure 13). Initially a saturation train of ten pulses (31 = /2 is used to destroy the
longitudinal magnetization M.. The recovery of M. is monitored as a function of the varying
delay time t4 by a detection pulse 3, = /2. The amplitude of the resulting FID is proportional
to M,. Thus, the recovery of M. can be approximated by stretched exponentials.

M, (t) =M., ,[1=exp(-[t, /]|

M.,cq denotes the equilibrium magnetization and - the stretching factor. In order to ensure full
relaxation between each scan the recycle delay is set to S X T). 1D spectra can be obtained by

Fourier transformation of an FID as long as a sufficiently long delay time is provided.

Spin-Lock Pulse Sequence

In the rotating frame of reference T}, is recorded via the spin-locking technique [$9-62,115] ,
as shown in Figure 13. At first a pulse 31 = /2 tips the equilibrium magnetization M ,q into the
x,y-plane where it is spin-locked in the field B;. This is achieved by applying a locking pulse 3,
for the varying duration ti.q of the pulse. If the locking field is switched off we find the magneti-
zation in the field B, relaxing towards zero, which is also reflected in the resulting FID. The

magnetization transients are also parametrized via stretched exponentials.

Mp (td ) = Mp,eq

exp(_[td /’Ivlp] ’ )]
As for SLR in the lab frame of reference the recycle delayis set to 5 X T1.

Solid-echo pulse sequence

The solid echo pulse sequence records the transversal relaxation (T5) as depicted in . After ro-
tating the magnetization into the x,y-plane the spins start to dephase due to spin-spin relaxation
during the preparation (evolution) time £,. This is followed by a refocusing pulse 3, = 64° and
an echo appearing at t = 2t,. Due to this sequence quadrupolar contributions are more empha-
sized in the appearing echo. The magnetization decay is measured as a function of t, starting
from the top of the echo. Usually these transients can be described by a single exponential func-

tion.
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B.2  NMR Pulse Sequences

a) b)
nx(B,=m/2) B,=m/2 By=m/2
B,
M,(tq)
: FID M(tioc)
locking field B, FID
0 tq t 0 tiock t
d) 0
Bi=m/2  B,=m/4 Bs=m/4 By=m/2 B,=64
Sylto tm) M,,(to)
t, tm t, s t, t, P
echo echo
Tt Tt

Figure 13: a) Saturation recovery sequence used to record spin-lattice relaxation rates in the laboratory
frame of reference. b) The spin-locking technique applying resonance frequencies in the kHz range. ¢) Solid-
echo sequence for recording R, and solid-echo spectra. d) Spin-alignment echoes are generated with a
Jeener-Broekart pulse sequence. (See text for further information.) For all types of NMR experiments proper
phase cycling was applied in order to eliminate inaccurate pulse lengths and phases. More information on

the phase cycling of these experiments is given in Ref. [11,33]

M, (t)=M" [exp(—[th /T, ])]

’Li NMR SAE Pulse Sequence

Spin-alingment echoes are recorded with a Jeener-Broekart pulse sequence, as already de-
scribed in 2.3.4, and depicted in Figure 13. If single-spin motional correlation functions are
measured the preparation time is usually set to a value of 10 pis < , < 20 ps. The echo amplitude
S: (ty twm) is damped due to diffusive motion with the resulting decay curves described by
stretched exponentials (cf. equation (2.94). Relaxation processes and spin-diffusion can lead to

a second decay step in the curve.
2D EXSY (NOESY) pulse sequence and 1D selective inversion pulse sequence

Here, the reader is referred to the introductory chapter 2.3.2, which provides a detailed descrip-

tion on MAS exchange spectroscopy and a graphical representation in Figure 6.
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C. Publications

C.1. Journal articles

Diffusion-induced "Li NMR relaxation of layer-structured tin disulphide - Li diffusion

along the buried interfaces in Lio.;7SnS,
J. Langer, V. Epp, M. Sternad, and M. Wilkening, Solid State Ionics 276, 56 (2015).

Mechanical detection of ultraslow, Debye-like Li-ion motions in LiAlO, single crystals
J. Langer, D. Wohlmuth, A. Kovalc¢ik, V. Epp, F. Stelzer, and M. Wilkening, Ann. Phys. §27, 523
(2015).

Site Occupation of Ga and Al in Stabilized Cubic Li;_3(.+,)Ga.Al,La;Zr,0,, Garnets as
deduced from *’Al and 'Ga MAS NMR at Ultrahigh Magnetic Fields

D. Rettenwander, J. Langer, W. Schmidt, C. Arrer, K. J. Harris, V. Terskikh, G. R. Goward, M.
Wilkening, and G. Amthauer, Chem. Mater. 27, 3135 (2015).

Lithium motion in the anode material LiC¢ as seen via time-domain ’Li NMR

J. Langer, V. Epp, P. Heitjans, F. A. Mautner, and M. Wilkening, Phys. Rev. B 88, 094304
(2013).
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C.2. Oral presentations

Elucidating Li ion dynamics and diffusion pathways in Li,SnO; - A comparative %"Li
NMR study

J. Langer, P. Bottke, and M. Wilkening

20" International Conference on Solid State Ionics (SSI-20), Keystone (US), June 14-19,
2018.

Lithium ion dynamics in micro- and nanocrystalline layer-structured insertion materials
as seen via "Li nuclear magnetic resonance

J. Langer, V. Epp, and M. Wilkening

E-MRS Spring Meeting, Lille (FRA), May 26-30, 2014.

Solid-state NMR studies on micro- and nanocrystalline two-dimensional

Li-ion conductors

J. Langer, V. Epp, P. Bottke, I. Hanzu, and M. Wilkening

19th International Conference on Solid State Ionics (SSI-19), Kyoto (JPN), June 2-7, 2013.

C.3. Poster presentations

Combined ’Li NMR study of slow Li diffusion in monoclinic Li,SnO3

J. Langer and M. Wilkening

15" European Conference on Solid State Chemistry (ECSSC), Vienna (AUT), August 23-26,
2015.

Li diffusion in layer-structured nanocrystalline dichalcogenides as probed by
NMR spectroscopy

J. Langer, V. Epp, and M. Wilkening

ZFM-Summer School 2012: “Functional Solids”, Celle (GER), July 22-27,2012.
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