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Abstract

Solid-state ion conductors represent an important class of materials in the field of fun-
damental and applied research that are still facing a high and a growing interest. Besides
sensor applications, there is an increasing demand for solids with a high ionic conductiv-
ity as those materials are required for electrochemical energy storage systems. Especially
in batteries, a high diffusivity within the processed materials is required to guarantee
good conductivity characteristics that enable high charging and discharging rates. Those
parameters are especially necessary to fulfill the demand of modern electric devices, e.g.,
electric cars, which demand a high performance of the electrochemical storage systems.
In addition, safety issues demand for novel systems based on solid electrolytes to get rid
of the inflammable components of current battery technologies.

A crucial parameter for a proper ion conductivity of solid-state systems is of course
their chemical composition. However, the morphology is of great importance too and has
attracted researchers to tailor the structural features of a material in order to boost its
intrinsic properties and increase the overall diffusivity. An important approach to influ-
ence the morphology of solid ion conductors is a mechanical and/or mechanochemical
treatment by high energy ball milling. This technique allows a structural modification of
known ion conductors as well as it opens new possibilities for the synthesis of materials
with yet inaccessible properties. Such solid solutions or metastable phases of two or more
compounds with poor conductivity can show drastically improved properties upon the
treatment in planetary ball mills.

Within this work, fluorine ion conductors were synthesized by mechanochemical
pathways to prepare yet unknown materials such as Rb-doped, tetragonal BaSnF4 which
shows a high ion conductivity at room temperature that was yet only known for the
structurally closely related PbSnFs. In addition, solid solutions of Bag¢Lag4F24 were syn-
thesized and thoroughly investigated by solid state NMR and impedance spectroscopy
regarding its diffusion parameters. The synthesis method itself was in the focus of inves-
tigations as well, as the yet unpublished mechanochemical synthesis of BaMgF, was stud-
ied in detail by F MAS NMR in combination with X-ray spectroscopy.

The results of the investigation were published in peer-reviewed journals and are fur-
ther discussed in this thesis. In addition, a brief overview and comprehensive insights

into the theory of the employed methods is given in the first chapters of this work.
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Kurzfassung

Festkorper-Ionenleiter stellen eine wichtige Klasse von Materialien dar, die sowohl im
Bereich der Grundlagenforschung, als auch der angewandten Forschung mit groflem und
nach wie vor steigendem Interesse konfrontiert sind. Neben Anwendungen in Sensoren
besteht eine dringende Nachfrage fiir Festkorper mit hoher Ionenleitfahigkeit fiir deren
Einsatz in elektrochemischen Energiespeichern. Besonders fiir Batterien werden Materi-
alien benétigt, die eine hohe Diffusivitit aufweisen, um eine gute Leitfihigkeit zu garan-
tieren, welche ein schnelles Laden und Entladen ermoglicht. Letzteres ist vor allem im
Anwendungsbereich von modernen elektronischen Geraten wie beispielsweise Elektro-
autos vonnoten, da diese eine hohe Leistungsfihigkeit der elektrochemischen Energie-
speicher erfordern. Zu diesen Anforderungen hinzu kommt das Verlangen nach sicheren
Festkorperenergiespeichern, da in aktuellen, wiederaufladbaren Batteriesystemem
brennbare Zusétze in den Fliissigelektrolyten zum Einsatz kommen.

Ein wichtiger Parameter fiir eine hohe Leitfihigkeit eines Festkorpers ist die chemi-
sche Zusammensetzung. Zusétzlich kommt jedoch auch der Morphologie der Materialien
eine grofe Bedeutung zu, was in den letzten Jahren sehr stark das Interesse der Forschung
geweckt hat. Das Ziel ist die strukturellen Charakteristiken eines Systems maffzuschnei-
dern, um dessen intrinsischen Leitfahigkeitseigenschaften zu verbessern. Hierbei spielen
mechanische Beeinflussungen oder auch sogenannte mechanochemische Synthesen eine
bedeutende Rolle. Diese Techniken ermdglichen eine strukturelle Modifikation bekannter
Stoffe beziehungsweise eroffnen diese vollig neue Synthesewege fiir die Herstellung von
Materialien mit bisher unzugénglichen Eigenschaften. Solche Mischkristalle, sowie auch
neue, metastabile Phasen aus zwei oder mehreren Ausgangsmaterialien,p zeigen haufig
stark verbesserte Eigenschaften, wenn diese mechanochemisch hergestellt werden.

Im Rahmen dieser Arbeit wurden Fluor-Ionenleiter mittels Mechanochemie prépa-
riert. Dabei konnten bisher unerforschte Ionenleiter wie beispielsweise Rubidium-dotier-
tes, tetragonales BaSnF, hergestellt werden. Dieses zeigt eine sehr hohe Leitfahigkeit bei
Raumtemperatur, welche bisher nur vom strukturell verwandten PbSnF, erreicht wurde.
Weiters wurde die Mischkristallverbindung Bag ¢Lao 4F2.4 hergestellt und umfassend mit-
tels Festkorper-NMR sowie Impedanzspektroskopie hinsichtlich dessen Diffusionseigen-
schaften untersucht. Die Mechanochemie als Herstellungsmethode selbst wurde anhand
der Modellsubstanz BaMgF, studiert, wobei ’F MAS NMR Spektroskopie sowie Ront-
gendiffraktometrie zum Einsatz kamen.

Die Ergebnisse wurden in durch Gutachter beurteilten Fachjournalen publiziert. Diese
Veroffentlichungen und die Diskussion von zusitzlichen Ergebnissen werden in dieser
Dissertation diskutiert. Ein Einstieg in die Thematik sowie Erklarungen zur Theorie von
Festkorper-Ionenleitern und deren Charakterisierungsmethoden finden sich in den ersten

Kapiteln dieser Arbeit.
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1. Introduction

The migration of charge carriers in solid materials is a phenomenon that is understood
and well-known. It is common knowledge that electrons start to flow in a metal wire, as
soon as the light is turned on or the electric cooker is started for making coffee in the
morning. But, there is probably less common knowledge about the migration of ions in
solid materials.

The phenomenon of ion conduction in solids was discovered by Michael Faraday in

the 19t century and was described by A. Chadwick as follows:!

“As in many areas of physical science the start of the research field can be traced back to
Michael Faraday. His diary revealed that he measured the electrical conductivity of a range
of materials during the early 1830’s.2% The experiments he performed on ionic solids were
remarkable in terms of laying the foundations for a new range of materials and a research
field, namely fast-ion conductors (often referred to as superionics or solid electrolytes) and
providing an insight into his scientific genius. On 21% February 1833 Faraday noted the “very
extraordinary behaviour” of AgsS, which conducted electricity in the solid state and showed
electrolytic decomposition. Almost exactly two years later, on 19" February 1835 he found
that solid PbF; at “dull red heat” also conducted electricity.”

In the following years, solid state ionics was established as a separate field of research
and the investigations on these materials increased. Today, solid ion conductors are pre-
sent everywhere in our daily life as they represent the main constituents of the active
materials in batteries. (Rechargeable) batteries are found in many devices we use every
day. It starts with a battery powered alarm clock, continues with the electrical toothbrush
and when we use our smartphone for a first peek on the news in the morning. Notebooks
for our daily work routine are powered by batteries, as well as — hopefully soon — our
electric vehicle. And, there are high expectations in rechargeable batteries on large scale
for the storage of renewable energy from sun, wind or hydro power plants.

A battery is basically built of a negative and a positive electrode separated by an elec-
trolyte that shuttles the charge carriers between these electrodes. The transport of ions
in solids occurs in these electrodes or active materials, where the electrochemical reaction
takes place. The current that is delivered from a battery originates from the chemical
reactions in these active materials. The electrolyte between the electrodes in latest battery
systems which use lithium as a charge carrier is a lithium salt dissolved in an organic
liquid. Such solutions possess a high ionic conductivity compared to most solid state ion
conductors. However, modern preparation methods and improved knowledge about
structural parameters allow to tailor materials to improve their conductivity. The replace-

ment of liquid electrolytes would further benefit from improved safety, as organic liquids



1. INTRODUCTION

are inflammable and solid compounds are thought to improve cycling stability, thus the
lifetime of a battery.

Today, lithium ion chemistry based systems are the most advanced secondary batter-
ies. They can be charged and discharged more than 1000 cycles without a big loss of their
specific capacity. However, the increasing requirements due to the technological progress
ask for further improvements such as higher capacities or higher cell voltage for portable
devices, or, as mentioned above, large scale battery packs for storage of energy from re-
newable resources. Besides the increasing demands, many of the components that are
required for manufacturing Li-ion batteries are scarce and thus expensive. This fact
prompted researchers to explore other elements based on different chemistries than Li.
Sodium and magnesium, which are located right below lithium in the periodic table pos-
sess similar properties and came into the focus of interest. Both elements are abundant
and rather cheap.

In contrast to these systems that make use of cations as charge carriers, batteries based
on fluorine chemistry have also been demonstrated. Fluorine is the lightest atom of the
halogens and forms a small, negative charged fluoride (F~) anion. The small size facilitates
the diffusion in solids. Fluorine is at the bottom of the electrochemical series and shows
a high oxidation potential versus the standard hydrogen reference electrode. This prom-
ises high cell voltages and high capacities if metals are used as conversion electrodes.
First galvanic cells based on fluoride chemistry were demonstrated at the same time in
1976 by Kennedy/Hunter® and Schoonman.® Electrochemical cells were mainly built on
basis of lead/lead fluoride chemistry of the type Pb | f-PbF2:AgF | BiOxF3-2x | Bi (Schoon-
man) operating at temperatures ranging from 295 K to 375 K. The elevated operating
temperatures were necessary to ensure a good conductivity of the solid materials. Ken-
nedy and Hunter tried to build rechargeable cells of Pb | PbF; | PbF2, CuF. | Cu which were
tested at 298 and 348 K, respectively. However, the discharging of the cells turned out to
be irreversible with the available techniques at that time. The idea of a F-ion battery was
picked up again by the work group of Fichtner in 2011, where they have demonstrated a
first study of a rechargeable cell.* The lack of good solid ion conductors at low tempera-
tures or suitable liquid F~ electrolytes still represented a big drawback and prevents ap-
plications of F-ion batteries at room temperature. This issue was addressed in the last
years and fast solid fluoride conductors were investigated and new compositions were
explored.”™

Next to the chemical composition, structural features and grain size play a big role in
terms of ion conductivity. Many materials show an increased conductivity when the grain
size is decreased down to the nanoscale, as this yields an increased surface or interfacial
area. Such nanocrystalline materials often show a higher concentration of structural de-
fects which can be beneficial for the conductivity. Defects or vacancies in a crystal struc-

ture are necessary for ion conduction, as ions hop from occupied to empty sites to migrate



in a material. A modern approach for the preparation of inorganic ion conducting mate-
rials is mechanosynthesis. With this method, the chemical reaction of the precursors is
triggered by mechanical action like, e.g., the treatment of powders in a planetary ball mill.
Mechanochemical preparations combine a direct synthesis of nanocrystalline powders
and influence the structural parameters such as the defect concentration, the morphology
of the crystallites and the grain size of the powder.

The characterization of ionic conductors involves the investigation of structural pa-
rameters as well as the diffusion parameters such as the conductivity. The structure of
crystalline materials can be analyzed by diffraction methods like X-ray or neutron dif-
fraction that provide information about the orientation of crystallographic planes in the
material or distances between the individual atoms. These parameters are important to
determine possible preferred conduction pathways in the material such as channels or
layers. Diffusion parameters are investigated by spectroscopic methods. Broadband im-
pedance spectroscopy is used to determine the conductivity of the material by the appli-
cation of a frequency dependent electric field across a sample pellet. It further allows to
distinguish different transport processes like bulk vs grain boundary processes. In addi-
tion, the average hopping energies for the individual processes can be determined from
the conductivity plots and it can give indications about the dimensionality of the conduc-
tion process. This information can be correlated with structural data from the diffraction
methods. As a complementary technique, nuclear magnetic resonance spectroscopy
(NMR) can be used. Temperature dependent solid state NMR measurements give infor-
mation about short- and long-range ion dynamics, as well as activation energies for the
hopping processes. The advantage of NMR methods in contrast to impedance spectros-
copy is the selective measurement of the diffusion parameters of distinct nuclei such as
YF in the present case.

The aim of this thesis was the preparation and modification of fast solid state F-ion
conductors by mechanochemistry and a detailed characterization of the obtained materi-
als. Solid solutions of BaF; and LaFs; were prepared which have shown an increased con-
ductivity compared to the pure precursors. BaMgF; was studied as a model compound to
study low dimensional transport parameters, but also to shed light on the mechanochem-
ical synthesis of F-ion conductors. ’F MAS NMR was used in combination with X-ray
spectroscopy to investigate the transformations of the materials during the milling pro-
cess. A similar approach was chosen for BaSnF,, which is the fastest solid F-ion conductor
among the studied systems. The layered, tetragonal form reached a conductivity of about
1 mS/cm at room temperature. This positions the material among the fastest solid fluoride
conductors known today.!® The diffusivity of the material could even be slightly im-

proved by substitution of Ba** with monovalent Rb* ions.






2.  Theory of diffusion and solid-state ionics

2.1  Principles of diffusion

Diffusion is deviated from the latin word diffundere, which means to spread or to dis-
perse. Diffusion can be observed in gases, in liquids and in solids. It describes the phe-
nomenon of the migration of particles which is induced by a concentration gradient. The
driving force is the entropy, as it increases with the dispersion of the particles.!! A very
comprehensible demonstration to understand diffusion is when a drop of colored liquid
is added to a beaker with the same, colorless solvent, as it is shown in Figure 1.2 The drop
immerses into the solvent and starts to spread, which is initially induced by the turbu-
lences that results from the dripping. When the drop finally stops to move, the color
molecules will proceed to spread in the surrounding colorless liquid, as it is seen in the
second and the third beaker of Figure 1. The driving force of this process is the high
concentration of the colorant in the initial drop that will equalize in the entire available
volume. This final state, when the molecules have equally spread across the entire sol-

vent, is seen in the last beaker.

time

Figure 1 — Diffusion of color molecules in a liquid as a function of time.?

The relationship between the flux of such color molecules or generally particles and
the concentration in is given by Fick’s laws. 12 Fick’s first law describes the flux of particles
in one dimension in isotropic media:

, dc
Jx = _Di 3 (01)
0x

The quantity jy is the flux of particles and c their number density or concentration; D;
defines the diffusion coefficient or diffusivity and has the dimension [m? s™!]. The minus

sign denotes the opposite direction of the flux of particles to the concentration gradient.

2 Images provided by Nicole Pabi.
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As the experiment in the beaker above describes the spreading of molecules in a solvent

in all directions, we can generalize the above equation using a vector notation:

j= —Dl.Dc (0.2)

Here, j is the vector of diffusion flux in the x,y,z-coordinates and [JC the concentration
gradient vector. If the diffusion is anisotropic, D; is a tensor and expressed as D", the
macroscopic diffusion coefficient or tracer diffusion coefficient. The nabla symbol O repre-
sents the vector differential operator 0 =(9/0x,0/dy,0/0z) in all three coordinates. As
a flux of particles or atoms is impossible to measure until steady state is reached,' Fick’s
first law is usually combined with the equation of continuity dc/dt + j =0 to give Fick’s
second law, which is also known as the diffusion equation:

Oc

— =00D"0ec) (0.3)
ot

If the diffusion is independent of concentration, eq. (0.3) can be written as:

9 _ D" Ac (0.4)
ot

The delta denotes the Laplace operator, here: A = (1%,

The temperature dependence of the diffusion coefficient usually follows an Arrhenius-

law according to:

E
D" =Df exp| ——2- 0.5
0 P( kBT] (0.5)

Ex is the activation energy that is necessary for the transport of the observed particle,
kg represents the Boltzmann constant, Tthe temperature and Dy the pre-exponential fac-

tor.



2.2 DIFFUSION IN SOLIDS

2.2 Diffusion in solids

In the example above, the dye molecules migrate in the liquid solvent by moving be-
tween the water molecules which are not fixed in their positions. A macroscopic analogy
might be if one jumps in the water and dives under the surface where he can move around

freely. Obviously this must be different in solid materials.

a) o o o b) o o o
o o o 0 e e
~ ( ‘ ~ S
@ o o o o o
o - - o o -
g © o o g © 0 @
L] /D @ L1 o J
) ") ")
@ @ o o o
o o - o o -
@ ionA
@ ionB

7 interstitial position

[ ] vacancy

Figure 2 —Illustration of the migration mechanism of an ion in a solid material
crystallizine in the pcc structure. R denotes the total displacement of the ion.

Solids, or more precisely crystalline solids, are dense, concrete substances that exhibit
a well-defined, distinct arrangement which is described by the different Bravais-lattices.?
These Bravais lattices define a distinct position for each atom and thus restrict a free
migration of the diffusing atoms in the solid material. As a result, the atoms or ions can
only jump between these given positions.

Such a microscopic diffusion mechanism is described in Figure 2, where the ‘red’ ion A
is observed on its way through the solid material. The illustrated crystal structure repre-

sents a Bravais lattice of a primitive cubic cell (pcc). In such a pcc lattice, it is possible for

P The Bravais lattice describes the geometry of the ele-
mental cell of a crystal lattice by the length of the cell
edges (a/b/c) and the angles between them (a/f/y).1>
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small ions to move between the regular lattice positions at the edges of the cubic cell, and
to jump to interstitial positions that are available in the center of the cubic cells. It is also
possible for atoms from a regular lattice position to jump to such an interstitial site and
leave a vacancy, which is an empty site on a regular lattice position. Interstitials and va-
cancies are of major importance for diffusion in solids and will be explained in detail in
the following chapter. If now the ‘blue’ ion fulfills a similar hop, then A can move further
on to the available vacancy of B. After a few hops, A has moved from the upper left corner
of the left cubic elemental cell to the lower right corner from the right elemental cell.
The motion of such a particle in the crystal lattice is described by the random walk
theory.1?~1* The Einstein-Smoluchowski relation links the total displacement R (cp. Fig-

ure 2e) of the observed particle to the uncorrelated diffusion coefficient:

2
D* = <§TT> (0.6)

d is the dimensionality factor for the diffusion process and 7 the residence time of the
particle on a distinct site. The relation between the uncorrelated and the tracer diffusion

coefficient introduced in chapter 2.1 is given by:
D" = f[D* (0.7)

For the correlation factor f applies: 0< f <1. For a completely uncorrelated motion f

equals 1.

2.2.1 Defects in crystal structures

In the chapter above, a crystal structure was described as a periodic, three dimensional
arrangement of atoms and that small particles like ions can migrate in such a structure
by hopping between available empty sites. Now one can ask the question, where these
empty sites in a lattice might originate from? On the one hand, there are so called defects
in a real crystal, that can be seen as one characteristic that distinguish an ideal system
from a real system. On the other hand, there are interstitial positions that simply result
from the geometry of the various Bravais lattices. In Figure 3, the most abundant inter-
stices are presented. A tetrahedral coordination, as it is for example typical in a pcclattice,
is illustrated in Figure 3a). An interstice coordinated by an octahedron is displayed in
Figure 3b). These coordination spheres also play an important role in crystal structures
of binary or multicomponent phases, as smaller ions often sit in the ‘interstices’ of the
counter-ions that span the lattice structure. Defects in crystalline compounds result from
construction faults of the real lattice and are classified as point defects, dislocations and

grain boundaries or stacking faults.">
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a) tetrahgdrgl b) octahedral
coordination

coordination

[} : \\ [ o
pcc lattice ) fce lattice

Figure 3 — Interstice in a tetrahedral (a) and in an
octahedral (b) coordination site as a result of the
corresponding lattice structure.

Point-defects

Point defects are zero-dimensional defects that concern individual ions. The simplest
case is, when an ion does not sit on its usual position in the lattice, and thus leaves a so
called vacancy. If a cation and an anion are missing and the stoichiometry is balanced, it
is called a so Schottky-defect. A Frenkel-defect denotes ions that move from their regular
position to interstitial positions in the lattice. Schottky- and Frenkel-defects are shown in
Figure 4. They are named after Walter Hans Schottky and Jakow Iljitsch Frenkel which
were the first ones that investigated and described these defects. Anions and cations can
also switch their positions to form anti-structure-defects. If a cation substitutes an anion

or vice versa it is an anti-site defect that would influence the stoichiometry of the material.

Schottky defect Frenkel defect substitution
vacancy pair interstitial ion lattice deformation

e O e Oe (e e O e Oe (e

Oe0e0es0O 0e0s00O0

LN CRERORL I OR * OO OO e

O e O e O eO OeQOeOeO

e O e O e [] e e O o O e [] e

QeDe0QeO OQOe0®0e0

e O e O e O e e O e O e (O o
® cations O anions . substituent [J vacancy

Figure 4 — Illustration of point defects in crystals, see text for further details.

If foreign atoms are present in the lattice it can be called a chemical defect. Such de-
fects occur very frequent in conventionally prepared as well as natural materials as even
in 99.999% pure materials, we can find about 10'® foreign atoms in a volume of 1 cm? that
is built of about 10% atoms.'® Such defects can have many influences on the properties of

the material such as conductivity. The size of the substituent leads to an expansion or a
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contraction of the lattice. If the charge of the substituting ion is different from the host
ions it may form vacancies or yield ions on interstitial positions to balance this charge.
In that way, this type of defects represents a powerful ‘tool” to tune the transport param-

eters of an ion conductor.

Dislocations

Dislocations or one-dimensional defects have a great influence on the internal struc-
ture of a crystal as they can extend across the entire lattice. Dislocations result from the
misaligning of the lattice planes in a crystal. Two different types can be distinguished:
edge and screw dislocations which are schematically described in Figure 5.

Dislocations can form due to changes in the lattice parameters induces by chemical
substitution or can grow due to the expansion of already existing ones. Another im-
portant source is the influence of plastic deformation. This is of high importance for the
materials discussed in this thesis, as the mechanochemical preparation causes high me-

chanical stress to the treated materials.

Grain boundaries and stacking faults

Two dimensional defects such as grain boundaries and stacking faults are present in
polycrystalline materials where two or more grains contact each other. They can be clas-
sified in small and high angle grain boundaries depending on the angle between the ad-
jacent lattices. Crystal twinning is also possible. Stacking faults are characterized by an
error in the sequence of the lattices. This frequently happens in hexagonal close packing
(hcp) when the usual ... ABCABCABD... sequence is broken and forms for example
...ABCABABCABD...

edge dislocation screw dislocation

Figure 5 — Schematical description of two dimensional defects in crystals.

Grain boundaries, surfaces of crystallites and interphase regions can represent im-

portant diffusion pathways for ions, as the structure on such surfaces is poorly defined

-10 -
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compared to bulk crystal structures. This can have a significant influence on the bonding

and the resulting activation energies for the migration of the ions.

2.2.2 Mechanisms of diffusion

The structure of solids resulting from the dense arrangement of atoms or ions restricts
the possibilities for ions to migrate in a crystal lattice. In Figure 2, a brief example was
given to demonstrate the mechanisms of diffusion in crystalline materials. By the intro-
duction of typical defects in solids in the chapter above, more possibilities for ions to hop
between occupied and empty sites or even in-between are given. Detailed information
can be found in the books of H. Mehrer'? and E. Murch®®.

a) vacancy mechanism d) interstitialcy mechanism
0000 O00O0 O 00O O 00O
0000 _ 0000 OOOO_»OOOOO
O G-oo0 Oo0OO0o O‘GOO O @0 O0
0000 O00O0 ©O00O0 OO0 0O
b) divacancy mechanism e) dissociative mechanism
0000 O00O0 0000 O00O0
©oo _, 0Do oloeo _oooo
000 0o0@o O0OBb O 00«0
00O 00O O00O0 O00O0
c) interstitial mechanism f) kick-out mechanism
0000 © 0,00 0000 O00O0
o000 _ 0000 OTQOO_»OOOO
0000 O00O0 OOQQ OO-OO
0000 O00O0 O00O0 O000
® interstitial ion O regular lattice ion O vacancy

Figure 6 — Illustration of the different diffusion mechanisms in solids according
to reference 12 and 13.
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Vacancy mechanism

As Schottky-defects are present in all solid materials, the vacancy mechanism is of
major importance. It involves a simple jump of an ion to an adjacent vacancy as it is
illustrated in Figure 6a). It is the main diffusion mechanism in metals and alloys, but also

plays an important role in other materials.!

Divacancy mechanism

The divacancy mechanism (Figure 6b) is very similar to the vacancy mechanism and
arises if a certain binding energy exists between the vacancies. Such agglomerates of va-
cancies form especially at higher temperatures and can show higher diffusivities as mon-

ovacancies, e.g., in fcc metals.?

Interstitial mechanism

For the interstitial mechanism, hopping ions do not depend on the existence on vacan-
cies, so that they can always jump to the next available site (Figure 6c). Diffusion coeffi-
cients for this mechanism are very high.!® Such interstitial sites are often found in tetra-

or octahedral coordination in bcc and fcc lattices.

Interstitialcy mechanism

In the interstitialcy mechanism, two atoms move in unison; an interstitial atom jumps
on the site of a lattice atom which hops on an interstitial position, see Figure 6d. The
mechanism occurs frequently in ionic materials, especially in those with fluorite structure

or in highly defective materials.!

Interstitial-substitutional mechanism

The interstitial-substitutional mechanism describes two possibilities for solute atoms
to migrate in the lattice: the dissociative and the kickout mechanism (cp., Figure 6e) and f),
respectively). Both describe the fast movement of interstitials, but in the dissociative
mechanism, the solute jumps on a vacancy and fills a lattice position with a substituent.
In the kickout mechanism, the solute atom also fills a regular position after some inter-

stitial hops, but then kicks out a regular solvent atom to form the substituent.
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3.  Measurement of diffusion parameters

The determination of diffusion parameters can be carried out by numerous available
methods; some of them are presented in Figure 7.1 Depending on the interaction with
the investigated species, they can be classified by nuclear or non-nuclear methods or
macroscopic and microscopic methods. Nuclear methods make use of radioactive
(B-NMR) or stable (NMR relaxation spectroscopy) nuclei and other elementary particles.

Tracer diffusion studies, dc-conductivity methods, magnetic field gradient NMR and
mechanical relaxation spectroscopy represent macroscopic techniques that trace long-
range ion transport. Microscopic methods are also sensitive to localized motions, such as
NMR relaxation spectroscopy or /-NMR studies. Quasielastic neutron scattering (QENS)
or Mossbauer-spectroscopy (MS) also belong to this set of techniques. Considering im-
pedance spectroscopy (ac-conductivity spectroscopy), I would rather see the method in-
between these two categories, as it is yet possible to obtain information about localized

diffusion at high measurement frequencies.

107% 10720 1071 107 DT/ m?s
A

Tracer diffusion

FG-NMR
_—

Mechanical Relaxation
I —

macroscopic

DC Conductivity AC

NMR Relaxation

B-NMR

microscopic

| ! ! ! ! | ! ! ! ! | ! ! ! ! | ! !
10° 10° 107° 1071 7. /s

Figure 7 — Overview on different measurement methods for the determination
of diffusion parameters in solids according to reference 16. The scales above
and below provide an estimation for the magnitude of the diffusivity DMand
the correlation time 7. that are covered by the investigation methods.

In the framework of this thesis, 1F NMR relaxation spectroscopy was used in conjunc-
tion with impedance spectroscopy to investigate the diffusion parameters of the synthe-
sized compounds. Generally speaking, a comparison of diffusion coefficients that are ob-
tained from different methods is recommended in order to get profound knowledge about
the diffusion mechanisms in the materials. In the following section I will briefly explain

the basics and fundamental characteristics of both methods.
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3. MEASUREMENT OF DIFFUSION PARAMETERS

3.1 Impedance spectroscopy

Impedance spectroscopy is one of the most frequently used methods for the investi-
gation of solid ionic conductors. It is used to determine the ionic conductivity (o) or the
dielectric permittivity (¢) as a function of the applied measurement frequency. In modern
spectrometer setups, the measurement frequency ranges from a few mHz up to several
GHz and can additionally be recorded as a function of temperature. The recorded data
contains information about the short- and long-range transport mechanisms, activation
energies for the hopping processes and the different contributions to the overall conduc-
tivity, such as bulk or grain boundary diffusion.

For an impedance measurement, an alternating voltage is applied to an investigated
material which is placed between two electrodes, and the resulting current is measured.
The ratio of these two quantities U/I yields the so called impedance Z, which will be ex-
plained in detail in the following section. For further reading I strongly recommend the
concise reference book of V. F. Lvovich that clearly outlines the fundamentals of this
method and presents useful case studies.!” More detailed insights into this topic can be

found in references 18 and 19.

3.1.1 The concept of complex impedance

A resistor is an electrical circuit element that shows the ability to resist to a flow of
current. The resistance R is defined in Ohm’s law as the ratio between the applied voltage

U and the output current [
R= v (0.8)

For an ideal resistor, R follows Ohm’s law at all current, voltage and AC frequency
levels. R [Q?] is independent of the AC frequency and the current and voltage signals are
in phase with each other. If a material is placed between two conducting electrodes with

a certain area A at a distance d, the resistance is defined as

R=p— (0.9)
A
with p [Q cm] as the characteristic electrical resistivity of the material. The inverse
resistivity is the conductivity o [1/(ohm cm) = S/cm] and describes the ability of the ma-
terial to conduct the electrical current.
If a material that does not conduct the electrical current is placed between the two

electrodes, the electrical circuit element is called a capacitor. Such a capacitor can store

-14 -



3.1 IMPEDANCE SPECTROSCOPY

electrical energy on the electrodes, if a dielectric material is placed in-between. In this
case, the AC current and the AC voltage are out of phase. The current ‘follows’ the voltage
with a certain phase shift (); whether positive or negative depends on the systems char-
acteristics. The capacitance [F] of the element is given by:

C= 5053 (0.10)

The value of the permittivity of vacuum & is 8.85-101* F/m. A is again the area of the
electrodes and d the distance between them. The permittivity ¢ can be interpreted as a

multiplier for ¢y and each material possesses its characteristic value.

The complex impedance Z takes the characteristics of both circuit elements into ac-
count and consists of a real and an imaginary impedance term. The real impedance term
determines the resistance to the flow of current and the imaginary impedance term gives
information about the ability to store electrical energy.

For the measurements of the electrical impedance, a sinusoidal voltage with a small

amplitude and a frequency v= w/ 2r is applied:

U(t)=Uysin(ax) (0.11)

1% a

Ulw,t)

H(w,p,t)

Figure 8 — Schematic description of the a complex impedance
measurement. An AC voltage is applied and the resulting current
is measured. The material is placed between two electrically
conducting electrodes with area A separated by the distance d.
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3. MEASUREMENT OF DIFFUSION PARAMETERS

L
t
‘ 1/v ‘
‘ cycle time ‘
I RN 27N
4 \\ / \\
AN / \
/ i
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- \ / \
| \ \
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phase shift T

Figure 9 — Sinusoidal voltage (U) and current (J) signal as a
function of time. The signals are out of phase showing a phase
shift ¢, when a dielectric material is placed between the electrodes.

The resulting current response is also a sinusoid with the same frequency but has a
different amplitude (L) and is phase shifted (¢):

I(t)=Iysin(at+ @) (0.12)

The impedance can now be calculated analogous to Ohm’s law:

:V(t): Ugsin(ax) —|Z| sin(ax)

= (0.13)
I(t) Iysin(ax+@) sin(at + @)

Z(wt)

The impedance can be expressed as a complex function using Euler’s relationship:
e? =cos(¢) +isin(@) (0.14)
Now the expressions (0.11), (0.12) can be written as :

U(t)=Ugye'™ (0.15)
I(t) =1, (0.16)
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3.1 IMPEDANCE SPECTROSCOPY

The complex impedance follows as:

Z:(—t)):‘Z‘eW:‘Z‘Ecos¢+isin¢):Z'+iZ" (0.17)
t

The phase angle ¢ at a certain radial frequency w is the ratio of the imaginary and the
real part of the impedance:

~n

n

Z Z"
tang =— or =arctan| — 0.18
62 or p=arcan 2 019

Zl

e e

o 7

Figure 10 — Complex impedance plot that
shows Zas a function of rectangular (Z',Z")
and polar (|Z| ,q)) coordinates.

3.1.2 Permittivity, conductivity and modulus

Dielectric permittivity measurements are carried out as a function of time, tempera-
ture and radial frequency. The obtained parameters ¢ and o can be related to molecular
activity. The dielectric permittivity can be interpreted as a material polarization density

by the Debye-equation: ’

P=(e-1)gV (0.19)

At high frequencies (THz) there is a small translational displacement of the electrons
in the orbitals. In the kHz-MHz frequency range, a orientational or dipolar polarization
occurs, and ionic displacement is observed at frequencies from Hz to kHz.

For an analysis of the dielectric permittivity, it can be written analogous to the com-

plex representation of the complex impedance:
E=¢g'-ig" (0.20)

The real term &' represents the energy storage term and is equivalent to 1/ Z" . The

imaginary term & is an inverse equivalent to 1/ Z' and represents the ionic conduction
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3. MEASUREMENT OF DIFFUSION PARAMETERS

term. Both quantities can be calculated from the capacity C, the sample resistance R, the

conductivity o and the resistivity p which are measured in a simple experimental setup:

! Cd " d 0- l
& =—— and €= = =

=9 - (0.21)
EA RAwe, we, puwe,

The complex conductivity can be written as the inverse specific complex impedance Z:

Z,=7 Efg (0.22)

-

Z, =7 -iZl== (0.23)

Q

Hence, the real and the imaginary conductivity can be calculated as follows:

' Z,
72+
Z"
U":ﬁ (025)
7247

At last, the modulus is presented, which can also be defined in relation to the complex
permittivity and the complex impedance:

Y 1 T " . ~ " . '
M=—=M —iM" =iwEyZ = —wWexZ" +iweEyZ (0.26)
&
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3.1 IMPEDANCE SPECTROSCOPY

3.1.3 Data representations

The dielectric permittivity and the ionic conductivity are usually plotted versus the
measurement frequency as the shape of the isotherms contains information about the
hopping characteristics of the ions. A typical representation of such data, according to
Sidebottom,? is given in Figure 11.

At the lowest frequencies on the left side, one can see a huge increase of the dielectric
permittivity and a small decrease of the ionic conductivity towards lower frequencies.
This phenomenon is called electrode polarization, which results from the blocking metal
electrodes that permit the transfer of the charge carriers to the external measurement
circuit. The ‘piling up’ of the ions results in the formation of a space charge at the elec-
trode interface and a drop of the conductivity. The permittivity drastically increases due
to a large bulk polarization.?! In the real part of the conductivity, the polarization regime
is followed by a large plateau, the dc-conductivity plateau. This plateau represents the
long range transport of the ions across the material 2’ It is usually Arrhenius-activated
according to g4cT o< exp(—Ea/ksT) and allows one to determine the average activation en-
ergy for the long range transport of the ions. The shoulder in the permittivity isotherm
at similar frequencies reflects changes in the dipole moment during the hopping of the
ions. At higher frequencies, the conductivity increases following a power law according
to o' =0, + Av”, which was described in detail by Jonscher as the universal dielectric
response.’? Moving further, the conductivity often shows a linear frequency-depend-

ence.” This region is usually called the nearly constant loss (NCL) regime. The NCL is still

electrode
polarization

log(c) —
log(e') —

Figure 11 — Typical shape of conductivity (¢') and permittivity (¢’)
isotherms for solid ion conductors according to Sidebottom.?° The
image shows the different characteristics of the material as a function
of frequency (v).

-19 -



3. MEASUREMENT OF DIFFUSION PARAMETERS

not clearly understood and much debated, but is in general considered to represent local-
ized motion and to be related to the relaxation behavior of unsuccessful forward-back-
ward jumps.?® The decrease in the dielectric permittivity results from the elastic polari-
zation of the matrix atoms.

A common representation for the complex impedance is the called Nyquist-plot. The
imaginary part of the impedance is plotted as a function of the real part and the resulting
graph usually appears as a semicircle as it is described in the section above. If other pro-
cesses such as electrode polarization or different diffusion dynamics are present, a series
of semicircles or similar elements appear as it is schematically illustrated in Figure 12.
The image shows contributions of bulk and grain boundary diffusion and an electrode
polarization process. The latter one usually shows up as a spike if blocking electrodes are
applied or as another semicircle, which indicates that the charge carriers can pass the
sample/electrode interface. Those different regions are usually represented by an RC ele-
ment that contains the resistive and the capacitive circuit element placed in parallel, as it
is illustrated in the top section of Figure 12. On the basis of this representation, the dif-

ferent regions can be identified by means of their characteristic relaxation time t:
7 =RC (0.27)

@, RC=1 (0.28)

Wmax, the frequency of maximum loss, is indicated by the red circles at the top of the

semicircles in Figure 12. It is calculated from the applied frequency v = w/2m The re-

Couik Cqp

Il Il
ReI

Rpuik Rgb
ion blocking
electrode

grain e
bulk boundary <
Figure 12 — Schematic illustration of the complex

permittivity of a polycrystalline ion conductor and the
corresponding electrical circuit diagram (top).
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3.1 IMPEDANCE SPECTROSCOPY

sistance R is given by the real part of the impedance Z’ as the section between the inter-
cepts of each semicircle. Now the capacitance of the corresponding process can be calcu-
lated. The magnitude of this capacitance provides information about the underlying pro-
cess as described by West et al.** Grain boundaries usually exhibit a capacitance that is
some orders of magnitude larger than those for bulk processes, which is described by the
brick-layer model, see references ?4?° for comparison. As the grains are usually larger in
diameter than their corresponding grain boundaries, one can assume Cgp>> Cpulk accord-
ing to C=ee-A/d, cp. eq. (0.10).

The link between conductivity and diffusion

The conductivity, as one of the most important parameters in the study of solid state
ionics by impedance spectroscopy, is linked with a diffusion coefficient via the Nernst-

Einstein relation:1

_ T4 kT

DG’
N

(0.29)

DY denotes the so called charge diffusion coefficient. N is the charge carrier density
and q the charge of the ions. It must be said that D’ must not be interpreted similar to
the diffusion coefficient of Fick’s first law, although it has the same dimensions.

However, it is common in the field of solid state conductors to relate the charge diffu-
sion coefficient with the tracer diffusion coefficient by the Haven ratio Hg:

Dtl’
Hp=—
D

(0.30)

The Haven ratio is is discussed controversially and does not have a straightforward
physical interpretation.!? It is thought of as a correlation factor and, e.g., if collective cor-
relation is neglected, it can be related to diffusion mechanisms as discussed in section

2.2.2. A detailed discussion of Hg can be found in ref ' and references therein.
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3. MEASUREMENT OF DIFFUSION PARAMETERS

3.2 Nuclear magnetic resonance spectroscopy

3.2.1 The vector model

In contrast to impedance spectroscopy, which is based on the measurement of the
dielectric response of a material, nuclear magnetic resonance spectroscopy measures the
magnetization M of a sample (bold letters outline a vector). The magnetization can be
seen as the sum of the magnetic moment p of each atomic nucleus that builds up, when

a material with a distinct volume Vis placed in an external magnetic field B.
1 N
M==>"p, (0.31)
V i=1

The magnetic moment p is derived from an important ‘intrinsic’ property of each atom
nucleus, its spin. The spin of a nucleus is a quantity that is described by M. Levitt as
“difficult to grasp”.?® The spin of an atomic nucleus is explained in quantum mechanics
and in turn results from the spin of the small particles that constitute the protons and the
neutrons. For more profound insights into the basics and fundamentals of NMR I refer to
the literature, especially the books of M. Levitt? and J. Keeler?” that provide suitable in-
troductory explanations for NMR spectroscopy.

Spin, however, can be interpreted as a sort of inner rotation, which is described by the
vector I, the nuclear spin angular momentum. The magnetic moment p is given by the

product of I and the gyromagnetic ratio y:
p=ya (0.32)

Each nucleus has its own gyromagnetic ratio. The absolute value of I is calculated

from the spin quantum number I according to:
1| =yI(1+D)n (0.33)

I can take half or integer numbers: I = 0, 1/2, 1, 3/2, ... and f denotes the reduced Planck
constant h=h/2s.
When an external magnetic field By is applied to the magnetic moment p it experi-

ences a torque T, as the field tries to align p.

dI

T=uxB.=% 0.34
1= B dr (0.34)
With p =y , it can be written as:
ldp
xB. =1 0.35
1> Bo ydt (0.35)
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3.2 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

As a consequence, p precesses in By around the z-axis with a distinct frequency wo
which is known as the Larmor frequency. It shows a characteristic value for each nucleus
according to wo = yBo. At this point, it should be mentioned that the orientation of By

along the z-axis is defined by convention.

The measurable quantity of L in the field By = (0, 0, By) is given by

I, =mh with m; =-1,-I+1, .. ,+I (0.36)

my is the magnetic quantum number. Now eq. (0.32) follows as:
1L, = ym,h (0.37)

By leads to a splitting of the degenerated energy levels, which is known as Zeeman

splitting. The energy levels of the magnetic dipoles are calculated according to

Em =TH, |30 = _yhmIBO' (038)

The number of sublevels is given by (2I+ 1). A nucleus such as '°F with a spin quantum
number of I = 1/2 shows two energy sublevels, see Figure 13. The crossing between these
energy sublevels upon irradiation with an electromagnetic wave is allowed if the condi-

tion Am;= +1 is fulfilled. The required energy AE = hvis given by the relation yBo = wo:

AE =h|y|By = hayy = hy (0.39)
IZ A
ol
0 +1/Zh — +1/2YhBO
AE
—Yh ——  —»YhB,

Figure 13 — Zeeman splitting for a nucleus with spin I = 1/2 if placed
in an external magnetic field By.
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3. MEASUREMENT OF DIFFUSION PARAMETERS

The occupancy of these Zeeman levels (Nm, Nim-1) depends on the temperature and

follows a Boltzmann-distribution according to

—-(E,1—E -
];]\;n—l =exp{ ( m-1 m)}:exp{%}, (040)

m

As mentioned at the beginning of this chapter, the net magnetization M is the sum N

of all magnetic moments p in a distinct volume V:
1 N
M==>p (0.41)
V i=1
Hence, eq. (0.35) can be expressed as follows:

dM
E;zﬁMxm] (0.42)

At thermal equilibrium, the magnetic moments precess in the field By around the
z-axis so that M, = Mo and Mx= My =0.

Figure 14 — Precession of the magnetization M, at
thermal equilibrium in the external magnetic field By.

During an NMR experiment, the thermal equilibrium is distorted with a high-fre-
quency rf-pulse from a small coil that is placed perpendicular to the field By. The linear
polarized high frequency field Bur can be expressed by two counter rotating circular po-

larized magnetic fields Bi:

By = Bl[cos(ax)ex —sin(ax)eyJ +B1[cos(a):)ex +sin(a):)ey] (0.43)
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3.2 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

exy is the unit vector pointing in the corresponding direction in the laboratory coor-
dinate system. To simplify the description, the visualization is changed from the station-
ary laboratory coordinate system to a rotating coordinate system that rotates around By
with wo. Considering eq. (0.43), one term rotates in the opposite direction of the rotating
coordinate system with 2«y, and thus can be ignored, as it is out of resonance. The other
term appears stationary along the rotating x'-axis. The resulting magnetic field Befris now

given by:

By =By + iy) +B, (0.44)

The Coriolis-term y/w results from the transformation of the stationary to the rotating
coordinate system. If the frequency of B is equal to wo, then M rotates around B; perpen-

dicular to By. The angle J between fields Begand By is dependent on the pulse length t,:
9=y, =) By, (0.45)

If §is 90° = /2, the magnetization M is deflected to the x,y-plane and M, = 0. At this
point, the Zeeman levels show an equal population of spins. After the 7/2-pulse the mag-
netization undergoes a relaxation process to return to the thermal equilibrium. This re-
laxation and the time constants that describe these process provide information about the
diffusion dynamics of the observed charge carriers in the investigated material and are

described in the following section.

3.2.2 Relaxation rates

The relaxation of the magnetization towards the thermal equilibrium starts immedi-
ately after the irradiation of the rf-pulse that deflects the magnetization into the x,y-plane.
It is characterized by two relaxation time constants T; and To. T; is the longitudinal or
spin-lattice relaxation time and T» denotes the transversal or spin-spin relaxation time. The
change of the magnetization M in dependence of Ti and T: is described by the equations
of F. Bloch: 2%

= 2=z 0.46
dt T, (046)
, , M, M,
M, __M, and Y=Y (0.47)
dt T, dt T,

The spin-spin relaxation time T> describes the relaxation of M in the x,)’-plane. It is

related to exchange processes in the spin-spin-system. The energy of the system remains

- 25 -
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constant while the entropy increases. In addition, the relaxation is induced by inhomo-
geneities of the magnetic field as well as local environments of other nuclei. The latter
enables the powerful structural investigation methods of nuclear magnetic resonance.
Diffusion and motion of atoms or ions in the local dipolar fields of the nuclei further
contributes to the transversal relaxation rate.

For the determination of T2, the decay of the magnetization in the y'-direction is meas-

ured as a function of time:

My (t)=M, exp(— th* J (0.48)

The notation T, indicates that all of the above mentioned relaxation processes con-
tribute to the time constant. As the magnetization decays, it induces an alternating po-

tential in the rf-coil that is positioned in the x,y-plane of the magnetic field:

U(t)=U, exp(— ;j (0.49)

2

The resulting signal U(z) is called the free induction decay (FID) and is transformed
from a time-dependent signal to a frequency dependent signal via a Fourier-Transfor-

mation (FT) which yields a Lorentz-shaped function:
U(w)= ij_m U(t)exp(—iax)dw (0.50)
2779+

T: is the spin-relaxation time in which the spin system transfers the energy that was
absorbed from the rf-pulse to the lattice via a depopulation of the Zeeman levels with
higher energy. As a result, the magnetization again builds up along the z-axis towards
the thermal equilibrium M= Mo. The relaxation is mainly induced by the motion of at-
oms or ions that induce fluctuations in the field of the nuclei. The magnetization as a

function of time is given by:

M,(1)=M, [1—exp(—TiB (0.51)

1
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3.2.3 Interpretation of the relaxation data, BPP model

The relaxation rates that are obtained by NMR are usually interpreted in terms of
different models such as the one from Bloembergen, Purcell and Pound.** The BPP model
describes three-dimensional, isotropic motion of the nuclei by an autocorrelation func-
tion G(t):!

G(t) = G(O)exp(— |t|j (0.52)

TC

The correlation time 7. is directly linked with the mean residence time 7 for an
atom/ion on its lattice site between two hops. The motion of a nucleus close to another
influences the local field around these nuclei and can induce a relaxation process if the
resonance condition hay is fulfilled.?* The relaxation rate is connected to a spectral den-

sity function J(w), which is obtained via Fourier-transformation of G(t):

+0o ' _ TC
I(w) :_J;G(t)exp(—la)t)dt = G(O)m (0.53)

J(w) 01/ T, = R, links the spectral density function with the relaxation rate R;.*
The temperature dependence of the correlation time 7. can be expressed by an Arrhe-

nius-law following:

_ -1 E,
T. =T ,exp| ——=— 0.54
A p( T (0.54)

Tco is the correlation time at infinite temperature, E4 again denotes the activation en-
ergy for the diffusion/hopping process, ks Boltzmann’s constant and T the temperature.

Figure 15 shows an illustration of the temperature dependence of R, respectively 1/z,
in an Arrhenius-diagram.'*3* The solid curve represents a three-dimensional, isotropic
diffusion process described by the BPP model. It shows a symmetric shape with a given

maximum and two distinct flanks. At the maximum eq. (0.55) holds: 32

wpr, =1 (0.55)
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log (Rl,Z)

1T

Figure 15 — Illustration of the temperature dependence of the relaxation rate Ry
for different models based on reference 14 and 34. The slope for a 3D diffusion
equals the BPP model and is characterized by symmetrical high- and low-tem-
perature flanks. 2D-diffusion shows a deviation at high temperatures, while dis-
ordered systems exhibit a smaller slope at low temperatures.

This signifies, that the average jump rate 7 of a moving ion equals the Larmor fre-
quency wo. At higher temperatures 7 becomes independent of the frequency. The high-
temperature flank represents the long range transport in the material. With a)7, <<1one

can write:

1 Or, with T1,=T,,exp Ea (0.56)
T ’ ksT

At low temperatures a7, > 1holds and 1/T; depends on the jump rate 1/z. and wo.
The low temperature flank contains information about local diffusion parameters, i.e.,

short range diffusion.

imi with i=iexp _Ea (0.57)
Tl Tcﬁg Tc z—c,o kBT

The activation energy E4 can be determined by the slope of the high- and low-tem-

perature flanks.
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Diffusion coefficient by NMR

To compare the obtained diffusion parameters with other methods such as impedance
spectroscopy, eq. (0.6) can be applied. A diffusion coefficient can be determined if the
crystallographic parameters are known to calculate an average hopping distance a for the

material and if 7. is inserted as the average residence time 7.

2

uc — a

24T

The above assumptions and calculations are only valid for isotropic diffusion in ho-
mogeneous solids. However, real materials usually show anisotropic diffusion parame-
ters, e.g., due to preferred crystallographic orientations such as layers or channels. Disor-
dered systems such as ball-milled or mechanochemically prepared compounds also show
different diffusion characteristics. This anisotropy leads to a different shape of the relax-
ation rate curves as it is displayed by the dotted lines in Figure 15. Layered compounds
usually show a shallower high-temperature slope, while local disorder is expressed at the
low-temperature side. Several models have been developed in order to describe these an-
isotropy-effects. A suitable model that describes the deviations of layered compounds
with preferred 2D-diffuson characteristics is found in the work of P. Richards.*> Non-BPP
behavior of structurally disordered compounds is described by Meyer, Maass and
Bunde.3® An overview and discussions of various models was not the primary goal of this

thesis and can be found elsewhere in the literature.3!-32
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3.2.4 Structural characterization - MAS NMR

Besides the characterization of diffusion processes in solids, NMR enables the struc-
tural characterization of chemical compounds. It is an enormously widespread technique
in the exploration of molecular structures of organics and inorganics, where it is applied
for 'H and *C nuclei, as well as 3'P or °F. However, these substances are usually meas-
ured when dissolved in organic solvents where they perform rapid translational and ro-
tational motion so that anisotropic spin-spin interactions between the nuclei are usually
underpart. In solids, interactions such as the chemical shift anisotropy or dipolar as well
as quadrupolar coupling leads to broad signals.’’ This permits an interpretation of the
chemical shift of the individual signals that provide information about the crystallo-

graphic positions due to their chemical environment.

By

N (magic) spinning angle

Figure 16 — The rotor containing the powdered
sample is spinning in the external magnetic field By
with a distinct magic angle Grot.

Magic angle spinning (MAS) NMR makes use of a magic trick to narrow the signals:
The sample is spun in a rotor in the external magnetic field By. The angle 6r.: between the
rotation axis of the rotor and By is set to 54.74° which is known as the magic angle. This
leads to the mathematical cancellations in the internal Hamilton operators that contain
the term (1—30032 0) as it equals zero with 8=54.74°. As a consequence, these Hamilton
operators are reduced to the terms that describe quadrupolar interactions and chemical
shift anisotropy.® However, a total simulation of the liquid state is not possible with con-
ventional technical equipment, as the spinning speed of the rotation cannot simulate the
conditions of molecular motion in liquids. As a result, so called spinning sidebands appear
symmetrically on the left and the right side of the isotropic line in the spectra. But these
sidebands can be easily identified by their separation in the chemical shift that depends

on the frequency of the rotation speed.
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4.  Mechanochemistry and nanomaterials

4.1 Mechanochemical synthesis

Every chemical reaction requires a certain amount of energy to proceed, which is
known as the activation energy.* For most reactions, this energy is provided by heat,
light or an electrochemical potential. In a mechanochemical reaction, the energy is pro-
vided by mechanical activation. Over the last years, this type of reaction has found nu-

merous applications across all areas of chemistry. An overview is given by some very
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Figure 17 — Mechanical degradation mechanisms of crystalline
material according. Illustration according to reference 43.

comprehensive reviews that were published in the literature lately.**~? In terms of solid
state chemistry, these mechanochemical reactions mainly show two characteristic as-
pects. The mechanical treatment of solids leads to a size reduction of the particles and
can, under certain conditions, initiate a chemical reaction and induce the conversion to a
material with different properties. Figure 17 shows the typical degradation mechanisms
and morphological changes that occur during the milling process. The shear and friction
forces between the milling tools and the particles lead to abrasion and fracture of the
grains and the continuous size reduction yields an increased surface. Moreover, many of
the defects that are discussed in chapter 2.2.1 are formed due to the impact of the grinding
media on the crystallites. Both processes may have a significant influence on the proper-
ties of the treated material such as, e.g., the diffusion parameters.

For the mechanical treatment, many techniques are available that are described else-
where in the literature.*'*3#! The materials that were synthesized within the framework

of this thesis were prepared by planetary or high-energy ball milling.
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4. MECHANOCHEMISTRY AND NANOMATERIALS

The active parts of a planetary ball mill consist of a rotating disk that carries two
beakers that rotate contrary to the disk, as it is shown in Figure 18. The milling tools are
made of materials like hardened, corrosion resistant steel, zirconium dioxide or tungsten
carbide that resist the harsh synthesis conditions. The use of such material minimizes the
degradation of the tools and possible contamination of the synthesized compounds.

During the milling process, shear and friction forces grind and erode the particles
when the balls move along the walls due to the centrifugal force.** The arrangement and
the contrary rotation of the beakers and the supporting disk further lead to an accelera-
tion of the milling balls at a certain point of the rotation so that they move across the
beaker and impact on the opposite side, see Figure 18. At this point, the high impact forces
of the balls can further crush the particles or induce deformations of the crystal which
creates structural defects as they are described in the corresponding section above. Beside
the size reduction and structural modifications, the mechanical treatment can trigger
chemical reactions. The required energy for the initialization of such reactions originates
from the evolution of heat at the contact spots of the particles. First theories from
Bowden, Tabor and Yoffe predict temperatures of about 1000 K upon friction at surfaces
of about 1 um? for 1073-107* 5.#747 Other theories like the Magma-Plasma Model proposes
even higher temperatures of up to 10,000 K.*® A detailed summary of various models and
theories describing the effects in mechanochemistry can be found in the book of P. Ba-
14z.* The common sense in most of the theories is a very localized evolution of heat that
initiates the chemical reaction. In some cases, this enables the synthesis of new com-
pounds that are not accessible by conventional methods. This involves for example amor-
phous phases that would crystallize upon heating,***! and metastable, or non-equilibrium
phases that show crystal structures which differ from a thermodynamically more stable

phase 42,52-55

milling beaker supporting disk

s

roty

centrifugal
force Q .
"Q "~ beaker —

W, o
RS balls

~ powder

Figure 18 — Illustration of the milling tools and the principle of operation of
a planetary mill. The colored arrows indicate the counter-rotation of the
supporting disk (rotq) and the milling beakers (rotp).
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4.2 NANOCRYSTALLINE MATERIALS

4.2  Nanocrystalline materials

Nanomaterials can be defined as a ‘separate’ or a ‘special’ branch in materials chem-
istry, as their small dimensions often account for properties that are different to those of
their commonly used, larger-sized counterparts. The definition for nanomaterials is that
at least one dimension of the individual particles is less than 100 nm. In terms of crystal-
line solids or ion conductors with such small dimensions, an important characteristic is
the distribution of ions considering their location in a crystallite. In general, boundaries
of grains or crystallites diverge in their behavior from bulk material. The short- and long-
range order is different, as the boundary atoms are facing different bonding- and ener-
getic environments. Nanocrystalline solids possess much larger surface areas due to their
small size. As a consequence, the increased area of grain boundaries or interfacial regions
can result in different properties. The relationship between grain size and the percentage
of atoms, which are located in such boundaries is described in Figure 19a). The solid line
assumes a boundary layer thickness of 1 nm and the dotted line for 0.5 nm.>® Figure 19b)
gives an illustration of such nanocrystalline materials and shows the high amount of sur-

face located atoms.!®
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Figure 19 — a) Graphical description of the relationship between grain size
and the percentage of atoms in boundaries and interfaces. Reprinted from ref-
erence 56. b) Illustration of nanocrystalline solids on the basis of reference 16.

Nanomaterials have found numerous applications in solid state ionics, especially in
energy-related research of batteries and solid electrolytes. The short diffusion length
scales for example have opened new possibilities for materials with generally poor bulk
properties. Nano-sized electrode materials can now be employed due to their improved
properties.’’>8 LiFePOs, which is common in cathodes of lithium ion batteries, is a poor
conductor that exhibits low Li* insertion rates if used as a coarse grained compound, but
shows good rates as a defect-rich as a nanocrystalline material.>® Many other materials
were also tested and nano-sizing became a major trend in energy-related materials chem-

istry.60-64
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4. MECHANOCHEMISTRY AND NANOMATERIALS

In this context, nanocrystalline solid fluoride ion conductors were also investigated
towards improved diffusion parameters. As an example, the diffusivity of CaF, can be
improved by several orders of magnitude, if it is used as a nanocrystalline powder.*6¢
Sata and co-workers have studied heterostructured nano-layers of BaF; and CaF; which
have also shown improved diffusivity compared to the pure substances.®”-*3 The mixing
of cations is expected to induce a redistribution of the fluorides due to the chemical po-
tential so that some F-ions migrate from the interface region to the CaF; layer. The re-
sulting depletion in the BaF; layer forms vacancies therein and yields interstitials in the
CaF, layer. This scenario could explain the enhanced conductivity of such hetero-
nanolayers.

An easy access to nanocrystalline ion conductors is enabled by mechanochemistry.
On the one hand it can be used as a simple method to obtain nano-sized powders from
coarse-grained starting materials or on the other hand to access new materials by mech-
anochemical reactions. In recent years, mechanochemical milling was employed for the
synthesis of many different solid fluoride ion conductors. Mechanochemistry was chosen
to synthesize materials that have already been prepared by other methods to investigate

53.69-73 or for new materials

the effect of treatment on the properties of the compounds
that cannot be accessed by conventional techniques.’%6674-77

However, little is known about the reaction and the proceeding processes during such
mechanochemical syntheses of nanocrystalline solids. X-ray diffraction, which is usually
employed as a standard method for the characterization of solids, can often not resolve
the structural changes that take place as often signals frequently superimpose. The syn-
thesis conditions can further lead to the amorphization of compounds during the milling.
Such amorphous compounds are ‘invisible’ for X-ray diffractometers due to the lack of
reflection planes in the material being necessary for the interference of the incident beam.
For that purpose, F MAS NMR was used to investigate the syntheses as it allowed to
trace the signals of the F nuclei regardless of their state of crystallinity. Hence, it was
possible to follow the change of the starting materials during the synthesis and to gather

in-depth information about the solid state reactions taking place inside the mill.
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5. Results and discussion

In the framework of this thesis, several solid state fluoride ion conductors were pre-
pared and thoroughly investigated for their diffusion parameters. All of the materials
were prepared by mechanochemical pathways. The practical work began with the syn-
thesis of BaSnF, in order to gather experience about the novel synthesis method as well
as the main characterization technique — impedance spectroscopy. BaSnF,; was also used
as a model compound to study the influence of substitution of Ba** by iso- as well as
aliovalent doping. Due to the complexity of the system and the various possibilities for a
‘fine tuning’ of the system, the compound can be considered as partly still under investi-
gation. As a second material, a solid solution of BaF; and LaFs; was prepared and also
investigated by impedance spectroscopy but on a much broader frequency range up to
the GHz-regime. This enabled the exploration of local dynamics that can be accessed at
such high frequencies. The findings were additionally supported by NMR relaxation stud-
ies, which was the second technique that was used in this thesis to investigate diffusion
parameters. BaMgF, was the third F-ion conductor that was synthesized and served as an
interesting model substance to study the reaction characteristics of mechanochemical
synthesis processes. For that purpose, 1°F MAS NMR was employed in conjunction with
X-ray diffraction methods.

In terms of anisotropy, all of the above substances exhibit different characteristics.
BaMgF4 shows preferred conduction-pathways along its crystallographic c-axis. BaSnF.
represents a 2D ion conductor due to its double-layer structure. BagsLao.4F2.4 does not
show distinct crystallographic orientation, thus can be seen as an isotropic 3D conductor.

In the following chapters, each substance will be explained and discussed in detail.
Many of the results that were obtained for the different compounds were published in
peer-reviewed journals and are presented in each chapter with an introduction and, if

available, additional information to the individual materials.
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5. RESULTS AND DISCUSSION

BaSnF, is among the fastest F-ion conductors known in the literature.’® It is a member
of the MSnF4 (M = Ba, Pb) family that crystallizes in a double-layered, tetragonal structure
(P4/nmm).’®7 The ordering of the cations follows a sequence of ...-Ba-Ba-Sn-Sn-Ba-Ba-...
along the c-axis of the unit cell (Figure 20a). This special sequence results from the
Sn?*-ions that possess an electron lone pair which is sterically demanding.” As a conse-

quence, the tin atoms form double layers with their lone pairs pointing towards each
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Figure 20 — a) Modified illustration of the crystal structure of tetragonal BaSnF,. The yel-
low layer with the empty circles was added to highlight the additional Sn-Sn conduction
layer that shows a low occupation (see text for further details). b) Coordination sphere of
the tin(II)-ions illustrating the five-fold coordination by F-ions and the sterically demanding
electron lone pair.

other (Figure 20b). In general, the structure of the MSnFs-compounds shows a highly dis-
ordered character considering the fluoride-ion sublayers as it was determined by Dénes
et al. by EXAFS, X-ray and '"°Sn Méssbauer studies.” These results were later confirmed
by Grey and co-workers with F MAS NMR investigatios.”® Dénés found that the Sn-Sn
layer does not exhibit a strong bonding character which is highlighted by the absence of
F-ions in this layer in the crystal structure (ICSD code 166207). However, the occupation
with fluoride ions in this layer increases at high temperatures. These results are sup-
ported by the temperature-dependent NMR studies that could ‘freeze’ the fast exchange
between the Sn-Sn and Ba-Sn layer. Even at low temperatures such as room temperature,
the F-ions are in rapid exchange so that only one line appears in the spectrum due to
coalescence of the signals. If the temperature is lowered to about 120 K, other lines be-
come apparent that point occupation of other sites such as those positions in the Sn-Sn
layer. An exchange with the fluorides in the rigid Ba-Ba layer was found to be much

slower starting at around 570 K.
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The observations described above are summarized in the modified illustration of the
crystal structure of BaSnF4 in Figure 20. The grey, flat plane in the Ba-Ba layer shows the
rigid F-ions. The pyramids coordinating the tin atoms in the Ba-Sn layer indicate the high
occupation of this region. To highlight the poorly occupied, but very conductive Sn-Sn
interlayer, a yellow plane was added. The white circles in the plane depict the empty
lattice site that are available for the fast diffusing F-ions. Another representation taken
from reference 78 is given in Figure 21 and shows the exchange mechanisms between the
distinct sub-lattices in BaSnF, that was found in the 1°F MAS NMR study. The analysis of
the conductivity that was determined for the synthesized samples and relations to the

structural findings of this section will be discussed below.

Figure 21 — Proposed exchange mechanism of
F-ions between the different sub-lattices in BaSnF,
by Grey et. al. Reprinted from reference 78.

Syntheses of tetragonal BaSnF4 have been demonstrated by various pathways. The
first report was a high-temperature synthesis from equimolar mixtures of BaF; and SnF»
by Déneés, Sayer and Bell.3° In the last couple of years other strategies have been demon-
strated including precipitation techniques and mechanochemical syntheses.”%’8! The
comparison of different preparation methods including a mechanochemical pathway by
Patro and Hariharan found a dependence of the conductivity from the particle size of the
material.”% Another conductivity study of BaSnF, is available from Ahmad et al.”! Their
mechanochemical synthesis is closely related to the approach that was chosen for this
thesis (see the publication below for the preparation details). BaF, and SnF, were milled
in the absence of any solvent under air (this work: protective argon atmosphere) for 10 h
at room temperature. Subsequently, the obtained sample was annealed for 8 h at 473 K.
After milling, they determined a crystal structure for the powder that was closely related
to cubic BaF; (ICSD code 64717). Thus, the term ‘cubic BaSnFy4’ will be further used in the
discussion to denote the product of the ball milling. Annealing of the ball milled sample

at elevated temperatures yielded the above described tetragonal modification. Yet, 7.6%
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5. RESULTS AND DISCUSSION

of the material remained as a cubic impurity. This is not rather surprising as differential
scanning calorimetry (DSC) investigations of cubic BaSnFs shows a phase transition at
around 475 K (see publication below); their chosen annealing temperature was simply too
low. It should, however, be mentioned that a very small cubic phase is also found after
annealing at 573 K, as it was done in this work, but higher temperatures often resulted in
the decomposition of the sample. The mechanochemical synthesis procedure of this work
was further improved by making distinct milling intervals followed by a break to cool
down the milling equipment. This enabled the synthesis of a pure, cubic modification as
the temperature in the beaker was kept low in order to prevent a partial conversion to
the tetragonal modification during the milling procedure. The transformation from cubic
to tetragonal has been studied by DSC measurements to determine an appropriate an-
nealing temperature. Detailed results from these measurements can be found in the pub-
lished data.

Conductivity studies of the as prepared and the annealed material were carried out by
impedance spectroscopy at various temperatures from 123 K up to 573 K in a frequency
range from 10 mHz to 10 MHz. The Arrhenius representations of the data are found in
Figure 22. The corresponding conductivity isotherms are presented in the publication in
the following chapter. Figure 22a) shows the values found for the mechanochemically
prepared samples. The red symbols represent the data for the as prepared, cubic sample.
It was measured at temperatures from 123 K up to 573 K and again down to 123 K. With
increasing temperatures, the slope of the curve viz the activation energy for the long
range ion transport increases. This point is marked by a small grey arrow at a temperature
of roughly 410 K. The DSC measurements revealed a small exothermic transition at that
temperature which could indicate a structural transformation of the lattice that is accom-
panied by the observed increase of the activation energy. At around 510 K, another in-
flection was observed. Above this temperature, the curve collapses with the data points
of the tetragonal modification so that the second transition must represent the in-situ
transformation from cubic to tetragonal. The tetragonal modification shows much lower
activation energies and a higher conductivity than the cubic modification. Both tetrago-
nal modifications, regardless if annealed externally or in-situ (cp. Figure 22 blue symbols,

red symbols), show almost identical conductivities and activation energies.
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Figure 22 — Arrhenius plot of the conductivity data (oncT) of various BaSnF,-samples. a) Data of
the mechanochemically prepared samples in the framework of this thesis. The red symbols show
the data for an as prepared, milled sample that was transformed to the tetragonal modification in-
situ. For comparison, the values for an externally annealed (2 h, 573 K, Ar atmosphere) sample are
also shown. The solid lines represent linear fits of the data. b) Comparison of the data found in
this work with literature data from solid state methods. While the group of Dénés and co-workers
obtained an activation energy (Ex) that does only slightly vary with temperature,® Chadwick et
al. found much lower values for higher temperatures.?? These findings are in agreement with the
data of this work and do agree with the findings of 'F MAS NMR by Grey et al.,”® see text for
details.

At around 245 K the tetragonal modification also shows a change in the conductivity,
respectively the activation energy. Above 245 K, the activation energy is about 20%
smaller (0.27 eV) than at lower temperatures (0.34 eV). Quite similar results were found
by Chadwick et al; they reported even smaller values at high temperatures (0.18 eV) but
higher values for low temperatures (0.50 eV).82 Dénés et. al found 0.31 and 0.34 eV (high
temp./low temp.) but a much higher temperature for the transition at 400 K.3° The large
deviations between the transition temperatures is unclear yet. The disagreement in the
activation energies might be a result of the different preparation techniques or deviations
from the 1:1 stoichiometry. It might also originate from a different grain size as a result
of the high temperature synthesis. A strong dependence of the synthesis conditions on
the structural parameters have been intensively studied and found for PbSnF4 in another
work of Dénes et al. and may show a similar dependence in BaSnFs-systems.?3 However,
the observation of the kink in the slope is crucial in particular, as it may indicate a change
in the diffusion mechanism of the F-ions that is related to the occupation of the Sn-Sn

layer, at is described by Dénes’® and, in particular, the work of Grey.”®
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5. RESULTS AND DISCUSSION

Tuning of the conductivity parameters — iso- and aliovalent doping of BaSnF,

The disorder in the structure and the high amount of vacancies that are present in the
Ba-Sn and the Sn-Sn sublayers of the tetragonal BaSnF, are to some extent responsible for
the high conductivity of the sample. The Ba-Ba layer, however, permits fast diffusion
along the c-axis, as the exchange with other F-sites in the local environment, especially
at low temperatures, is limited. Thus, this rigid layer was addressed in a follow-up study
with the goal to introduce further disorder to these specific sites and increase the ex-
change with the surrounding mobile ions.

BaF; is known as a moderate F-ion conductor, which can be ‘tuned’ by doping with
aliovalent ions.®* Similar results for the structurally related cubic PbF; are found in the
literature.® Substitution of the Ba?* ion with monovalent cations is expected to yield an-
ion-vacancies, while trivalent cations bring in additional F-ions that can occupy intersti-
tial sites. Anion-vacancies on regular lattice positions provide pathways for the migration
of F-ions and interstitials can increase the total number of charge carriers and in turn
enhance the conductivity. Isovalent doping was investigated by the substitution of Ba?*
with Sr?* to influence the lattice parameters due to the difference in the ionic radius. For

aliovalent doping, Rb* and La3* were chosen.
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Figure 23 — a) Arrhenius diagram for tetragonal BaSnFs-samples. The samples were milled and
subsequently annealed for 2 h at 573 K under protective atmosphere. The black symbols show the
conductivity for the pure compound. Higher conductivities are found for the doped samples: the
blue circles represent Bag 9sSro.0sSnFs; red diamonds show Bag9Rbo.1Sns.0. The solids lines are fitted
values and are used to calculate the activation energies. b) X-ray powder diffraction pattern of the
as prepared, cubic BaSnF, and the tetragonal modification including doped samples. The small
arrows indicate reflections of the pure dopants that precipitated upon annealing if the concentra-
tion exceeded the solubility in the tetragonal lattice. The small vertical bars below the pattern
denote the ICSD reference codes of the used dopants (LaFs: 89523, RbF: 53828, SrF, 41402).



The (Bai-»Srx)SnFs-system was investigated on the entire composition range from
pure BaSnF, to pure SrSnFy with x= 0/0.01/0.05/0.10/0.20/0.25/0.50/0.75/1.¢ The highest
values were found Bao.osSro.0sF4. In general, the conductivity decreased with increasing
amounts of strontium fluoride. LaF; was added with 1, 5, 10 or 20 mol% nominally yield-
ing Bai-JLa,SnFs.. However, if the La**-content exceeded 10%, LaFs-reflections were
found in the X-ray pattern due to segregation upon annealing, which points to a low
solubility of La®* in the BaSnF, structure (see Figure 23). Lower amounts than 10% LaF;
did not change the conductivity compared to pure tetragonal BaSnF4. Thus, this system
was not further investigated. A significant increase of the conductivity was observed
upon doping with 10% RbF. This points to an improvement of the F-diffusivity due to a
vacancy mechanism.

The values for the different samples are shown in Figure 23. At room temperature, the
dc-conductivities for the different tetragonal samples are: 5.40-10~* S/cm (unsubstituted
BaSnF4), 7.07-107* S/cm (5% SrF2) and 2.05-107% S/cm (10% RbF). The activation energy for
the long range transport was also found to be lower for the doped samples, cp. Figure 23.

In general, it can be stated that the monovalent doping with RbF was most successful.
However, it is not possible to concretely relate the influence of the substitution of Ba?*-
cations to a distinct fluoride exchange/diffusion mechanism. Currently, theoretical calcu-
lations about the structural parameters of the doped compound as well as EXAFS studies

are in progress.

¢ The preparation and investigation of the (Bai_xSry)SnFs-system was carried out under supervi-
sion by Maria Gombotz in the framework of a Bachelor thesis.
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Fast ion conductors play one of the most important roles
in solid state ionics as there is a great demand for their
application in safe and powerful electrochemical energy
storage systems. For such materials, it is known that the
synthesis conditions may have significant impact on the
final properties of the materials prepared. In this contri-
bution, we made use of mechanosynthesis, carried out via
high-energy ball milling, to influence the ionic transport
parameters of tetragonal, i.e., layer-structured, BaSnF,.
X-ray powder diffraction (XRD) revealed that mechani-
cal treatment of the binary fluorides BaF, and SnF, leads
to a powder pointing to a nanocrystalline fluoride with
(distorted) cubic symmetry. Differential scanning calo-
rimetry (DSC) as well as preliminary in situ XRD meas-
urements were used to follow the transformation towards

1 Introduction The development of modern energy stor-
age systems other than conventional lithium-ion technolo-
gies has revived research activities on all-solid-state batter-
ies. Alternative electrochemical energy storage systems
based on fluorine ion conductors, which had already been
investigated by Schoonman and co-workers [1,2] in the

late 70s, have been put back in the spotlight of research [3].

Besides the choice of proper active materials, an electro-
chemically stable solid electrolyte with sufficiently high
ionic conduction and negligible electronic transport is re-
quired to shuttle the ions required for the electrode reac-
tions.

Outstanding room temperature ionic conductivity has
been found for tetragonal BaSnF,, which makes it a pros-
pecting candidate for its application in both electrochemi-

Wiley Online Library

the tetragonal modification with the composition BaSnF,.
Broadband impedance spectroscopy was used to measure
the overall electrical conductivity of the ternary fluoride.
Remarkably, the layered form shows a room temperature
conductivity of 7 x 10*S cm ', Further emphasis was
put on the characterization of the dielectric properties of
the material, which was investigated by using different
electrode materials to distinguish artefacts from intrinsic
properties. Since we found a strong dependence of the
real part of the permittivity on the electrode materials ap-
plied (carbon paste or sputtered Pt), we tend to assign the
huge increase in permittivity, which was recently inter-
preted as giant dielectric constant, to interfacial polariza-
tion effects rather than to intrinsic properties.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cal storage systems and sensors. However, comparisons of
published literature data points to a strong dependency of
the conductivity on the preparation method applied [4-7].
High-energy ball milling provides a versatile synthesis
method with many adjustable parameters to prepare func-
tional materials with properties being different with regard
to their conventionally synthesized analogues [8]. Me-
chanical impact during milling is known to introduce large
amounts of structural disorder and microscopic strain that
can largely influence ionic transport [9, 10]. In addition,
the nm-sized crystallites obtained make surface related ef-
fects visible and let them govern macroscopic properties.
They comprise interfacial regions such as grain boundaries
that may provide energetically preferred diffusion path-
ways for the moving ions [11]. Fine tuning of the milling

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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conditions applied during mechanosynthesis in combina-
tion with subsequent soft annealing allowed us to prepare
highly conductive, nanocrystalline BaSnF, with tetragonal
symmetry. The sample prepared almost reached electrical
conductivity values of isostructural PbSnF,; so far, the lat-
ter still represents the fastest F~ conductor at room tem-
perature, see Ref. [12] for an overview.

Differential scanning calorimetry (DSC) and X-ray
powder diffraction (XRD) allowed us to collect informa-
tion on the transformation from the original, ball-milled
BaF,-SnF, mixture to the tetragonal modification. The di-
electric properties of our samples were determined by tem-
perature-dependent broadband impedance spectroscopy.
Besides the analysis of conductivity spectra, in particular,
permittivities as a function of frequency were analyzed in
terms of external electrode polarization effects. Consider-
ing BaSnF, the latter is controversially discussed in the lit-
erature [4, 13].

2 Experimental

2.1 Sample preparation The binary fluorides were pur-
chased from commercial sources (BaF,, 99.99%, Sigma-
Aldrich; SnF,, 99%, Alfa Aesar); before treatment in a
planetary ball mill (Fritsch Pulverisette 7 premium line)
they were dried in vacuum. For the mechanochemical reac-
tion we used beakers (45 mL) made of ZrO, in combina-
tion with 180 balls of the same material (5 mm in diame-
ter). The ball-to-powder ratio was 17:1; the total milling
time was set to 10 h. This time period does not include the
cooling intervals in between. Handling of the starting ma-
terials as well as the product and the milling tools was
strictly carried out in a glovebox filled with dry argon (O,
and H,O < 0.5 ppm) to avoid any contamination with water
and to prevent oxidation of the reactants during milling.

2.2 X-ray diffraction The final mechanosynthesized
product was characterized by X-ray powder diffraction,
which was carried out under air with a Bruker D8 Advance
diffractometer using Bragg Brentano geometry and Cu K,
radiation (10 to 100° 26, step size 0.02° 20, step time 1 s).
Rietveld refinement was done with X-PertHighScorePlus
(PANalytical).

2.3 Differential scanning calorimetry DSC measure-
ments were performed with a Netzsch STA 409 differential
scanning calorimeter coupled with a QMS 403C mass spec-
trometer. The sample was heated under a constant helium
gas flow in platinum crucibles at a rate of 10 K/min; starting
from 293 K measurements were carried out up to 1000 K.

2.4 Impedance spectroscopy For the dielectric meas-
urements 200 mg of the polycrystalline powder were
pressed in a mould with 10 mm inner diameter applying a
uniaxial pressure of 0.13 GPa yielding pellets of about
1 mm in thickness, each time measured with an appropriate
caliper. Pt electrodes with a thickness of 100 nm were ap-
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plied on both sides of the pellet with a sputter coater
(Leica) to ensure good electrical contact; graphite elec-
trodes were applied using a graphite paste.

Impedance spectra were measured with a Novocontrol
Concept 80 broadband analyzer equipped with a BDS 1200
cell in combination with an active ZGS cell interface al-
lowing temperature-variable two-electrode (dielectric)
measurements. Frequencies covered a range of nine dec-
ades, starting from 102 Hz up to 10 MHz. The temperature
was varied from 133 K to 573 K in steps of 10 to 20 K; this
is automatically controlled by a QUATRO cryosystem
(Novocontrol). During the measurements, a dry nitrogen
atmosphere with the appropriate temperature is built up
around the sample in the cryostat. This is achieved by a
constant flow of N, gas, freshly evaporated from a dewar
containing liquid nitrogen.

3 Results and discussion As presented by the XRD
patterns shown in Fig. 1, ball milling of BaF, and SnF,
leads to a fluorite phase with distorted cubic symmetry.
Vertical bars show the reflections of pure, Sn-free cubic
BaF,. The absence of any XRD peaks of SnF, either points
to a complete incorporation of tin fluoride into the fluorite
structure or to a partial incorporation while X-ray amor-
phous SnF, is left over. As estimated by the well-known
Scherrer equation, the average crystallite size of the ball
milled sample is approximately 10 nm. This rough estima-
tion disregards, of course, strain introduced via mechanical
impact as well as the possibility that the broadened peaks
observed represent a distributions of XRD reflections.
Mean crystallite sizes less than 30 nm, however, are rea-
sonable since such values are found for many oxides and
fluorides treated for several hours in high-energy ball mills.

tetragonal

annealing
at 573 K

cubic

15 25 35 45 55
20/°

Figure 1 X-ray powder diffraction pattern of the as-prepared
sample (bottom) and after the in situ transformation during our
impedance measurements (top). Vertical lines show XRD reflec-
tions of cubic and tetragonal BaSnF,.

Here, the ball-milled product was transformed into the te-
tragonal modification in situ during the temperature-
dependent conductivity measurements inside the imped-
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ance cell. Residual amounts of the cubic phase observed in
the pattern recorded after the dielectric measurement is
presumably due to the relatively short time the sample had
been exposed to elevated temperature inside the impedance
cell. A complete transformation could be achieved by con-
trolled annealing at 573 K for at least 2 h in a dry, oxygen-
free protective gas atmosphere. This treatment, however,
leads to non-negligible narrowing of the XRD peaks be-
cause of grain growth; the average crystallite size in-
creased from 10 to 22 nm.
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Figure 2 DSC curve of the as prepared cubic BaF,-SnF, mixture
measured under inert gas atmosphere (He) with a heating rate of
10 K/min.

To get further insights into the structural changes and the
phase transformation of the initially cubic phase upon heat-
ing, DSC and preliminary in situ XRD measurements were
carried out. DSC measurement (see Fig. 2) reveal two exo-
thermal processes in the temperature range of our imped-
ance measurements. The shallow peak with an onset tem-
perature of 410 K initiates structural changes in the mate-
rial that could also be detected by first in situ XRD meas-
urements; the latter shows some additional, yet unidenti-
fied reflections that disappear upon further heating. The
main transformation into the tetragonal phase starts at
480 K as is reflected by the intensive signal of the DSC
curve. The transformation could be verified by in situ XRD.
Moreover, it is associated with a change of the DC conduc-
tivities probed in situ, as will be discussed below.

Figure 3 gives a brief overview of the dielectric proper-
ties of the mechanosynthesized BaSnF, crystallizing with
tetragonal symmetry. The figure shows selected conductiv-
ity and permittivity isotherms, that is, the real part of the
complex conductivity and permittivity, ¢’ and €', plotted vs.
the frequency v. DC conductivities, reflecting long-range
ion transport, can be directly read out from the distinct fre-
quency-independent plateaus which pass over into the dis-
persive regime reflecting short-range motions of the charge
carrier such as (correlated) forward-backward jumps.

Interestingly, at 293 K the layer-structured fluoride
prepared exhibits a very high DC conductivity opc of
7x107*S em™', which is comparable to the results of some
of the PbSnF, samples analysed so far [7, 12, 14, 15]. In
agreement with the study of Chadwick et al. [7] this value

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

represents one of the highest conductivities reported for
BaSnF, when the mechanosynthesized product studied
here is compared with samples prepared via other routes
such as high temperature synthesis, wet chemical methods
or other mechanochemical approaches including the vari-
ous types of ball milling [4-7].

The enhanced overall conductivity might be attributed
to the large concentration of defects (including strain) in-
troduced during milling. These may largely affect both
short- as well as long-range ion transport. In contrast to our
approach, other mechano-assisted synthesis routes in-
volved the use of liquids during milling [6]. As a conse-
quence, the mechanical impact on the powder is expected
to be less than in our case, hence, leading to a lower degree
of (micro-)structural disorder preserved in the layered
structure.
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Figure 3 Conductivity and permittivity isotherms of mechano-
synthesized, tetragonal BaSnF,. Filled symbols represent data ac-
quired with graphite electrodes while non-filled symbols show
the results when Pt electrodes were applied. opc gives the bulk
conductivity of the sample; €'(0) is the intrinsic permittivity at
low frequencies, which is, as the corresponding value €'(0), inde-
pendent of the electrodes (Pt or C) applied.

As is well known when ion-blocking electrodes are used to
measure conductivity spectra of fast ion conductors, at a
certain frequency o' starts to decrease, even stepwise [13],
a phenomenon well-known as electrode polarization (EP).
The fast movement of the ions towards the blocking elec-
trodes leads to the formation of a space charge zone that

WWW.pss-c.com



Phys. Status Solidi C 12, No. 1-2 (2015)

Contributed
Article

13

slows down further transport of the charge carriers [13, 16].

As it is demonstrated in Fig. 3, this phenomenon depends
on the applied electrode material: graphite electrodes lead
to a different polarization effect than it is observed for the
same sample but equipped with Pt electrodes. The drop-off
in conductivity is associated with an increase in permittiv-
ity €'; the corresponding isotherms are displayed in the
lower part of Fig. 3. The huge low-frequency permittivity
values have recently been interpreted as an intrinsic giant
dielectric constant effect [4]. The large difference of al-
most two orders of magnitude between the values meas-
ured for different electrode materials seems to weaken this
interpretation. To our opinion the isotherms simply reflect
non-intrinsic interface-electrode effects as observed for
many different ion conductors and discussed in detail by
Loidl and co-workers [13].

Besides these external interface polarization showing
up at low frequencies (v — 0) and sufficiently high tem-
peratures, another plateau, labelled with €'(0) in the permit-
tivity spectra of Fig. 3, can be seen. When going to higher
frequencies both ¢'(v) and &'(v) coincide irrespective of the
electrode material applied. In contrast to the situation in
the EP regime, now the intrinsic properties are probed,
which are related to polarization effects of the mobile ions
vs. the immobile matrix [16]. The right axis of the &'(v)
plot displays the corresponding capacities calculated from
the permittivity values shown on the left side. Compared
with typical values found in impedance spectroscopy, see,
e.g., Irvine etal. [17] €'(0) is in the range of the grain
boundary response. If we, however, interpret the conduc-
tivity values as bulk response, the relatively high value of
€/(0) = 2 x 10* might be associated with results reported for
materials with relatively large dielectric constants at inter-
grain boundaries or with so far unknown internal effects of
BaSnF, [4] For many materials, however, intrinsic constants
€'(o), accessible at sufficiently high frequencies only, are
expected to be in the order of 10% or less [18]. In our case we
found €'(e0) <20 at 173 K. The aforementioned high permit-
tivity at even lower frequencies, however, is in agreement
with values usually reported for sample-electrode interface
processes; in such cases depletion layers formed are respon-
sible for Maxwell-Wagner type relaxation processes that are
measured by using metallic electrodes and two-point contact
standard configurations [18].

The frequency independent DC-plateau, indicated with
opc in Fig. 3 and as mentioned above, represents the bulk
(overall) conductivity for long-range charge carrier trans-
port of mechanosynthesized BaSnF,. The values found for
the bulk conductivity are plotted as opcT versus the inverse
temperature in the Arrhenius diagram in Fig. 4.

The Arrhenius plot shows the first heating run of the as
prepared cubic sample up to 573 K as well as the opcT
values for the tetragonal modification, annealed inside the
impedance cell, upon cooling down to 133 K. The dashed
lines represent linear fits with an Arrhenius law and enable
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the determination of the (average) activation energy (£,)
according to opcT « exp(—E,/ (kgT)); kg denotes the
Boltzman constant. The differences in the slopes of the Ar-
rhenius fits, i.e., the activation energy required for long-
range movement of the ions, indicates a change in trans-
port mechanism: Starting with £, =0.51 eV the activation
energy changes to 0.65 eV at higher temperatures (see Fig.
4). Roughly around 500 K the slope decreases again, which
is related to the cubic-tetragonal phase transformation.
Layered BaSnF, prepared in this way shows a very high
DC conductivity combined with a relatively low activation
energy of 0.27 eV.

Upon further cooling, long-range charge carrier trans-
port changes again; the data points recorded below ambient
temperature follow an Arrhenius law with an activation
energy of 0.34 eV. Interestingly, a break of the Arrhenius
line was also observed in the impedance analysis of Chad-
wick et al. [7], but not reported by other groups irrespec-
tive of the synthesis method used. Chadwick and co-
workers, who investigated a sample prepared by solid-state
synthesis, report on a break just below 273 K with activa-
tion energies of 0.18 eV and 0.50 eV [7]. To throw light on
the microscopic jump processes in BaSnF,, "F nuclear
magnetic resonance (NMR) spin-lattice relaxation [7] as
well as high-resolution "’F (exchange) NMR revealed two
dynamically different spin systems. '°F magic angle spin-
ning (MAS) NMR carried out by Chaudhuri et al. points to
a temperature dependent occupancy of the Sn-Sn layers by
the fluoride ions [19]. Most likely this leads to a change in
the transport mechanism probed above room temperature
and detected also in our study.
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Figure 4 Arrhenius plot of opcT; the DC conductivity values
were determined from the frequency-independent plateaus of the
corresponding isotherms. The dashed lines show Arrhenius fits;
the vertical line simply marks room temperature. At around
300 K the DC conductivity is in the order of 0.7 mS cm .
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4 Conclusion and outlook Charge carrier transport pa-
rameters in layer-structured BaSnF,, crystallizing with
tetragonal symmetry and prepared via mechanosynthesis
with subsequent soft annealing, was investigated by broad-
band conductivity and permittivity spectroscopy over a
large frequency and temperature range exceeding previous
studies on this material. Compared to a recent study by
Ahmad et al. [4] our synthesis route chosen lead to a ter-
nary fluoride with DC conductivities in the order of 0.7 mS
cm ' at ambient temperature. Most likely, the low anneal-
ing temperature used for inducing the phase transformation
helped preserve the defect-rich, disordered character of the
mechanosynthesized precursor. The latter showed signifi-
cantly broadened XRD reflections being typical of a nano-
crystalline ceramic. Structural changes were followed by
DSC and preliminary in situ XRD measurements.

The transport properties of the samples prepared is
governed by very low activation energies of ca. 0.27 eV

above and approximately 0.34 eV below room temperature.

We anticipate that the change observed in conduction
mechanism is related to the two different reservoirs of mo-
bile F anions in BaSnF,, see Refs. [7, 19], as well as to the
related fact that F anion site occupation, and thus mobile
charge carrier density, changes with temperature as it has
been reported by Grey and-co-workers [19].

Finally, to our opinion, the large increase in permittiv-
ity at low frequencies and sufficiently high temperatures
simply reflects interface electrode effects rather than in-
trinsic dielectric properties [4] of the material. This is
shown by the fact that permittivities in the so-called EP re-
gion strongly depend on the different electrodes applied.
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5.2  F-ion conducting solid solution Bag.sLao.aF2.4

Cubic fluorides such as BaF,, CaF. or PbF, where found to be capable of hosting ex-
cessive F-ions in the crystal lattice if they are doped with trivalent cations. A summary
of the findings for various diffraction studies is found in the review on superconductors
from S. Hull.3 Figure 24a) illustrates the additional sites F1 and F2 for interstitials of
YFs-doped CaF.. A similar approach was chosen within this work using BaF, that was
doped with LaFs (as 40% of the BaF, were replaced by LaFs, it is thus more accurate to
speak of substitution than of doping). BaF: forms solid solutions with LaFs in almost any
molar ratio.”* Depending on this ratio, the solid solutions crystallize in the cubic BaF,
structure or the tysonite structure.”* The highest conductivities for the mechanochemi-
cally prepared compounds were found for of Bai-xLaF2.x with x=0.4.7487 In Figure 24b),
the values found for the solid solution is shown in comparison to coarse grained and ball-

milled BaF.. The conductivity was found to be significantly higher than for the pure com-

pound.
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Figure 24 — a) Illustration of the crystal structure of cubic CaF. showing possible site for
interstitials and vacancies upon doping with YFs. Reprinted from ref. 86. b) Arrhenius plot
from the conductivities of coarse and ball milled BaF; and the solid solution BagsLao.4F2.4
that shows the increase of more than two orders of magnitude upon doping.

To get detailed insights into the diffusion characteristics of this type of solid solutions,
several solid state NMR relaxation spectroscopy techniques were applied in conjunction
with (high-frequency) broadband impedance spectroscopy. The impedance measure-
ments up to 3 GHz provided insights into the local hopping dynamics of the solids that
could be compared with the findings from solid state NMR. With Ti,-measurements in
particular, a broad maximum in the relaxation rate was found that points to a range of
hopping mechanisms that occur on a similar time scale, see below for detailed explana-

tions.
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Correlated fluorine diffusion and ionic conduction
in the nanocrystalline F~ solid electrolyte

Bag sLao 4F2.4—°F T1(,) NMR relaxation vs.
conductivity measurements

F. Preishuber-Pflugl,*®° P. Bottke,? V. Pregartner,® B. Bitschnau® and M. Wilkening*®°

Chemical reactions induced by mechanical treatment may give access to new compounds whose
properties are governed by chemical metastability, defects introduced and the size effects present. Their
interplay may lead to nanocrystalline ceramics with enhanced transport properties being useful to act as
solid electrolytes. Here, the introduction of large amounts of La into the cubic structure of BaF, served as
such an example. The ion transport properties in terms of dc-conductivity values of the F~ anion conductor
Ba;_xLasF>.x (here with x = 0.4) considerably exceed those of pure, nanocrystalline BaF,. So far, there is only
little knowledge about activation energies and jump rates of the elementary hopping processes. Here, we
took advantage of both impedance spectroscopy and °F NMR relaxometry to get to the bottom of ion
jump diffusion proceeding on short-range and long-range length scales in Bagelag 4F2.4. While macroscopic
transport is governed by an activation energy of 0.55 to 0.59 eV, the elementary steps of hopping seen
by NMR are characterised by much smaller activation energies. Fortunately, we were able to deduce an F~

www.rsc.org/pccp

|. Introduction

Studying ion dynamics in solids is one of the most vital topics in
modern solid-state chemistry."® The development of advanced
Sensors or energy storage systems requires careful examining of
the correlation of ion transport over long distances and local ion
hopping between neighbouring sites within a rigid lattice structure.
Such studies are directly linked with the development of advanced
solid electrolytes,'™ urgently needed for future all-solid-state
rechargeable batteries.

In particular, highly conducting and electrochemically stable
fluorides®® are necessary components to bring all-solid-state
fluorine-ion batteries® alive. Regarding particular applications
they might serve as alternatives to those relying on lithium? and
sodium® as ionic charge carriers. Quite recently, solid solutions
of nanocrystalline fluorite-type Ba;_,La,F,., prepared by high-
energy ball milling have been introduced as a promising solid F~
electrolyte.’ First measurements of its electrochemical stability'®
encouraged us to study F dynamics in detail. As presented by
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self-diffusion coefficient by the application of spin-locking NMR relaxometry.

Fichtner and co-workers,” ionic transport properties of a series of
mechanochemically synthesized nanocrystalline samples with x
ranging from x = 0 to x = 0.55 have been studied by impedance
spectroscopy recently, and the data have been analysed with
respect to macroscopic ion transport. Overall conductivity is
anticipated to be fully governed by F anions, i.e., the transference
number is assumed to be close to one and, thus, no electronic
contributions play a role practically. The highest ion conductivity
was found for samples with x = 0.3 and x = 0.4.°

In the present study, we take advantage of '°F nuclear mag-
netic resonance (NMR) relaxation measurements,"™"* carried out
under static conditions, to collect information on the elementary
steps of ion hopping in structurally disordered Ba, sLag 4F, 4. NMR
can be a powerful tool and has extensive applications in the field
of fast (nanocrystalline) ion conductors, in particular.*? 1t is
worth noting that nanocrystalline Ba; _,La,F,., is not stable in its
nanostructured form at high temperatures; this restricts the
temperature range, and thus also the number of available
methods to probe diffusion parameters from an atomic scale
point of view. NMR, however, offers quite a large set of techni-
ques that are sensitive to both slow and fast (translational) ion
dynamics. Here, with the use of SLR measurements, carried out
in both (i) the rotating frame and (ii) the laboratory frame of
reference,'**** F dynamics with jump rates ranging from the
kHz to the MHz range can be probed. Their combination gives
access to a quite large dynamic window.>® Spin-spin relaxation

This journal is © the Owner Societies 2014
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measurements®® and line shape studies,*® which do probe even
slower F motions, complement the set of time-domain reso-
nance techniques applied.

Considering fast ion conductors with a large number fraction of
highly mobile ions, correlation effects*”>° are expected to influence
the movement of the charge carriers. Besides the possibility of
quantifying F anion dynamics, as has been excellently presented by
Chadwick and Strange,” NMR is also highly useful in distinguish-
ing correlated from independent hopping.'®****>> In conjunction
with conductivity spectroscopy,”®*®*” complementary information
of translational ion dynamics can be collected. Therefore, the
present investigation is also aimed at contributing to the
question®?*3*% how results from various time domain NMR
methods, viz. F migration activation energies and jump rates
compare with those obtained from ac impedance spectroscopy,
i.e., probed on different length- and time scales. For this
reason, impedance data have also been recorded over the whole
temperature range covered by NMR, ie., including also temperatures
well below ambient. In particular, the study presents impedance
data recorded at frequencies as high as 3 GHz.

One major advantage of NMR is that it can often provide a direct
estimate of the F~ jump rate®®’? provided diffusion-induced
contributions can be well separated from those being largely
affected by so-called background relaxation. In the present case,
with the spin-lock NMR technique, see, e.g., ref. 39, it was indeed
possible to record a diffusion-induced rate peak from which the
self-diffusion coefficient D could be deduced. Our estimation
uses the relaxation model of Bloembergen, Purcell and Pound*®
which was developed for three-dimensional (isotropic) motions
of spin-1/2 nuclei moving in an uncorrelated manner. Finally,
the NMR self-diffusion coefficient can be compared with solid-
state diffusion coefficients extracted via the Nernst-Einstein
equation from dc conductivity data.

ll. Experiment

The Ba, ,La,F,., sample with x = 0.4 has been prepared by
high-energy ball milling***® making use of a planetary mill
(Fritsch, Pulverisette 7). The starting materials, powders of BaF,
and LaF; with pm-sized crystallites, were purchased with high
purity (99.99%) from Alfa Aesar and Sigma Aldrich, respectively.
To synthesize several g of Bag¢Lag 4F».4, the binary fluorides were
mixed under an Ar atmosphere according to the stoichiometric
ratio needed. We used a beaker made of ZrO, (Fritsch) or tungsten
carbide (Fritsch) equipped with 180 or 140 balls (5 mm in diameter)
of the same material to treat the mixtures at 600 rpm under dry
conditions. The ball-to-powder ratio was 17 : 1. We carefully avoided
any contact with moisture; thus, the beakers were airtight filled
with BaF,:LaF; in a glove box with dry Ar atmosphere. Later on,
i.e., after milling periods ranging from 6 h to 10 h, they were
also opened in the glove box.

Structural analysis of the prepared nanocrystalline powders
was carried out using X-ray powder diffraction (XRPD) and magic
angle spinning (MAS) NMR spectroscopy. The powder diffraction
patterns, shown in Fig. 1, were recorded on a Bruker D8
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Fig. 1 X-ray powder diffractograms of the samples Bagglag4F>4 pre-
pared for this study. For the synthesis of sample 1, a tungsten carbide vial
set was used and the milling time was 6 h. Sample 2 was prepared with a
ZrO, vial set and the mixture was treated for 6 h. Reflexes of residual LaFs
are marked by asterisks. Sample 3 was also prepared using a ZrO, vial, but
the milling time was increased to 10 h. As in the case of sample 1, no
residual BaF, and LaFz are left.

Advance diffractometer with Bragg Brentano geometry using
Cu K, radiation (10-100° 26, step size 0.02° 26, step time 1 s).
Rietveld refinement was carried out with X-PertHighScorePlus
(PANalytical). '°F MAS NMR experiments were recorded on a
Bruker Avance III spectrometer operating at 470.5 MHz. We
used a 2.5 mm-MAS probe (Bruker) with the ability to reach
a spinning frequency of 30 kHz; spectra were recorded by
non-selective excitation using a short pulse with a length of
approximately 1.6 ps.

To prepare dense pellets for impedance measurements the
powder samples were cold-pressed by applying an uniaxial
pressure of 0.13 GPa. Our press sets allow the fabrication of
pellets with, e.g., diameters of 5 mm, 8 mm and 10 mm (sample
3, see below). Pt electrodes (ca. 100 nm in thickness) were applied
using a sputter coater (Leica). The thicknesses of the pellet
pressed were measured with appropriate gauges. The impedance
measurements were carried out using a Novocontrol Concept 80
broadband analyser (Alpha-AN, Novocontrol) being connected
to a BDS 1200 cell in combination with an active ZGS cell
interface (Novocontrol) allowing temperature-variable 2-electrode
(dielectric) measurements. The temperature is automatically
controlled by means of a QUATRO cryosystem (Novocontrol)
making use of a heating element which builds up a specified
pressure in a liquid nitrogen dewar in order to create a highly
constant N, gas flow. After being heated by a gas jet, the freshly
evaporated N, flows directly through the sample cell that is
mounted in a cryostat. This setup allows very stable system
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operation with an accuracy of £0.01 °C. In summary, the whole
setup is able to record the complex impedance (Z) and the
permittivity (£) at frequencies ranging from few pHz up to
20 MHz (110-570 K). For impedance measurements up to
3 GHz we used an Agilent E4991 A high-frequency analyser
connected to a high frequency cell (Novocontrol).

For the NMR measurements the fluoride was sealed in glass
ampoules, ca. 4 cm in length and 5 mm in diameter, to protect
the nano-crystalline samples with their large surface area
permanently from any influence of humidity. NMR lines and
relaxation rates were measured using an Avance III spectro-
meter connected to a shimmed cryomagnet with nominal
magnetic fields of 7 T. This field corresponds to a '°F Larmor
frequency of we/2n = 282 MHz. We used a home-built (high-
temperature) NMR probe capable of recording NMR signals
under static, i.e., non-rotating conditions up to temperatures as
high as 550 K. The n/2 pulse length was approximately 1 ps at
200 W. A Eurotherm temperature controller in combination
with a type T thermocouple was used to control and monitor
the temperature in the probe’s sample chamber.

'9F NMR spin-lattice relaxation (SLR) rates 1/T; were acquired
with the saturation recovery pulse sequence 10 X /2-t4—T/2-
acquisition (acq.)*”*® The pulse sequence works as follows: an
initial pulse train, consisting of ten n/2 pulses separated by 40 ps,
was used to destroy any longitudinal magnetization M, prior to
recording its temperature-dependent recovery as a function of the
delay time ¢y Rotating-frame 'F NMR SLRg rates 1/Ty, were
recorded with the spin-lock technique, /2 p(tjoa)—acq.*>***>3
With our probe we were able to make use of a locking frequency
w, of approximately 62.5 kHz. The corresponding locking pulse
tiockc Was varied from 40 ps to 400 ms. Note that the recycle delay
for the SLRo experiments was set to at least 5 x T in order to
guarantee full longitudinal relaxation between each scan. 1/Ty
and 1/T;, rates were obtained by parameterizing the magnetic
transients M,(t4) and My(toex), respectively, by stretched exponen-
tials: M,(tq) oc 1 — exp(—(¢/T1)") and My(tioer) o €Xp(—(toek/ T10)"2),
respectively (c¢f. Fig. 2).
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Fig. 2 Left: °F NMR transversal decay of the spin-locked magnetization
recorded at the various temperatures indicated. The locking frequency
was 62.5 kHz. Note the logarithmic scale of the x-axis. Solid line represent
fits according to stretched exponentials yielding T1,”* and yy,. Right: *°F
NMR spin-spin relaxation transients. From the fits (stretched exponentials,
solid lines) the rates T>~* and stretching factors y, shown in the upper part
of the Arrhenius plot of Fig. 3 can be obtained. The corresponding
Ti-transients do almost follow an exponential time behaviour.
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In addition, temperature-variable '°F NMR spin-spin relaxa-
tion (SSR) rates 1/T, were recorded by taking advantage of a
(two-pulse) solid-echo pulse sequence:*” m/2~tecne—1t/2-acq. techo
denotes the variable interpulse delay. The transients obtained
were fitted with stretched exponentials. Static '°’F NMR spectra
were either obtained after Fourier transformation (FT) of the
free induction decay, which were recorded by non-selective
irradiation with a single n/2 pulse, or by FT of the solid echo
beginning from the top of the signal.

[ll. Results and discussion
A. Characterization by X-ray diffraction

Phase purity of the mechanochemical preparation of nanocrystal-
line Bage¢lag4F,4 was checked by powder X-ray diffraction
carried out at room temperature and in air atmosphere. In
Fig. 1 the diffractograms of several samples, which have been
differently prepared, are shown. While sample 1, which was
prepared in a tungsten carbide (WC) vial (¢, = 6 h), does
not reveal any binary fluorides left, sample 2, which was
synthesized under slightly different milling conditions (ZrO,
vial, ¢t = 6 h), shows residual LaF;. According to Rietveld
refinement, phase pure Bag¢LagsF,4 is formed in the ZrO,
beaker, when the milling time t,;; to prepare the ternary
fluoride is increased from 6 h to 10 h (sample 3). The vertical
bars in Fig. 1 represent positions and intensities of the reflexes
of the two starting materials. The systematic shift of the diffrac-
tion angle 20 towards larger values points to lattice contraction
due to the incorporation of the smaller La ions into the fluorite
structure of BaF,.°

From the broadening of the reflexes we estimated an average
crystallite size of approximately 10 nm (Scherrer equation).
Such a value is typically found for mechanosynthesized ceramics
treated in high-energy ball mills. The X-ray powder patterns show
a low and straight-line background and, therefore, no indications
for notable amounts of the amorphous material present. Sample 1
has been used for '°F NMR and impedance measurements up
to 20 MHz. From sample 3 a larger pellet with a diameter of
10 mm was pressed for high-frequency impedance measure-
ments carried out up to 3 GHz.

B. NMR measurements

Compared to the recently published study of Rongeat et al.,’
which mainly focusses on the investigation of F ion transport in
Ba, ,La,F,., by impedance spectroscopy, we emphasized on
static '°F NMR relaxometry to point out the differences between
short- and long-range F diffusivity. To that end, the present
study centres upon a single mechanosynthesized sample with
0.4 which is the composition leading to the highest
conductivity observed.” In the Arrhenius plot of Fig. 3(a) an
overview of the NMR relaxation rates measured is shown. The
figure presents the temperature-dependent relaxation rates
1/Ty, 1/Ty,, and 1/T, together with the stretching exponents
y: (i = 1, 1p, 2) obtained by parameterizing the underlying
magnetization transients (see Fig. 2) with appropriate fitting
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Fig. 3 Left: temperature dependence of the °F NMR relaxation rates of nanocrystalline Bagglao 4F2.4 (sample 1) prepared by mechanosynthesis at
ambient temperature. The Larmor frequency was 282 MHz. The upper graph shows the dependence of the stretching exponents y on T. Right: *°F NMR
line shapes recorded under static conditions at the temperatures T indicated.

functions;** in our case stretched exponentials were used (see
above). For comparison, on the right-hand side of Fig. 3 a
couple of temperature-variable "’F NMR spectra of mechano-
synthesized BaygLay 4F, 4 are shown.

Starting the discussion with the "F NMR spectra, which
were recorded under non-rotating conditions, it is evident that
at the lowest temperature, being accessible with the probe used
here, the overall NMR signal is composed of several compo-
nents. Owing to both structural disorder and cation mixing
introduced during milling, the shape of the low-T spectrum
likely reveals a superposition of many NMR intensities that
reflect magnetically different F species. These species result
from a broad distribution of locally distinct environments. For
comparison, it is known for pure nanocrystalline BaF,, even if
severely treated in shaker or planetary mills, that the corre-
sponding '°F NMR signal is much less broadened than it is
found in the present case.*

Here, the overall shape of the NMR spectra recorded at low T
results from the mixing effect of Ba and La ions; this alters the
'9F chemical shifts. Similarly, this has also been reported by
Fichtner and co-workers using magic angle spinning (MAS) "°F
NMR on samples with varying La-content.® For comparison, in
cation-mixed mechanosynthesized (Ba,Ca)F,, as well as in mixed
fluorides with Sr and Ca ions, the individual F environments
could be well resolved due to relatively sharp resonance lines
and the application of high-speed MAS NMR.**

As it becomes obvious from Fig. 3(b), with increasing
temperature a narrowed NMR line emerges which is due to
both averaging of dipole-dipole®® and local chemical shift
interactions of the various magnetically inequivalent F ions.
At sufficiently high temperatures the mean exchange rate
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becomes much faster than the spectral width of the NMR line.
This slows down spin-spin relaxation and leads to a single
NMR line being fully narrowed by motional averaging; see the
spectrum recorded at 523 K, which is the upper temperature we
used for our study. Compared to the initial situation, the line
width (full width at half maximum) has been decreased from
ca. 50 kHz down to 1.7 kHz; in the regime of extreme averaging
it is mainly governed by inhomogeneities of the external
magnetic field. From motional averaging it is evident that the
jump rate ' (523 K) is much larger than 50 kHz x 2, i.e., the
rate should be in the order of 10° s™* to 10° s .

In Fig. 4 selected '’F NMR spectra are shown which were
deconvoluted by using a Gaussian and a Lorentzian line (see
the solid and dashed lines of the spectra recorded at 323 K and
353 K, respectively). At higher temperatures, i.e., in the regime
of full averaging, viz. at 523 K, the NMR line can be best
represented by a single Voigt profile. In general, such hetero-
geneous motional narrowing can be linked with a distribution
of F~ jump rates. Cation mixing** and local structural disorder
in nanocrystalline Bay ¢Lag 4F, 4 prepared by mechanical treat-
ment supports this idea. Thus, the rate estimated above should
be regarded as a mean value.

According to a mean jump rate in the order of or even larger
than 10* s~*, the °F NMR spin-spin and spin-lattice relaxation
rates are expected to be greatly, if not solely, influenced by F
self-diffusion. F dynamics lead to fluctuations of the local
dipolar fields and induce longitudinal magnetization recovery
as well as affect transversal NMR relaxation. Starting the analysis
with the laboratory-frame SLR rates, we observe a weaker-than-
activated temperature dependence below 225 K (see Fig. 3(a)). In
this low-T regime, which is characterised by wot. << 1 where 1. is

Phys. Chem. Chem. Phys., 2014, 16, 9580-9590 | 9583



PCCP

a) - b)

residuals

323 K

u
S
1

———- Gaussian
— Lorentzian

intensity / arb. u.
intensity / arb. u.

Paper

c)

residuals

residuals

353 K

523 K

20 —
Voigt shaped

intensity / arb. u.

T T T T T
-4 2 0 2 4

frequency / kHz

-20 0
frequency / kHz

20 -20

0

frequency / kHz

I I T I T T T I I T
20 40 60 -60 -40 -20 0 20 40 60

frequency / kHz

Fig. 4 Selected *°F NMR lines to highlight the motional averaging of dipole—dipole interactions and coalescence as well. While a combination of a
Gaussian and a Lorentzian is appropriate to represent the lines at moderate temperatures, the final shape in the regime of extreme narrowing resembles
that of a Voigt function. The values in percentage terms indicate the area fractions of the two different components.

the motional correlation time, 7; " is mainly driven by non-diffusive
relaxation sources such as lattice vibrations and coupling of the
spins with paramagnetic impurities. With increasing temperature,
however, the rate T, " increases; at T > 370 K it has already reached
the low-T flank (wyt. < 1) of the diffusion-induced rate peak, which
is expected to show up at higher T. It should be noted that
temperatures well above 550 K are not accessible with the NMR
setup available in our laboratory. Moreover, the onset of grain
growth may represent a natural limit to investigate F diffusion
parameters in nanocrystalline (metastable) fluorides.

In order to carefully separate non-diffusive background
relaxation from purely diffusion-induced contributions, we
parameterized the low-T rates with an appropriate power
law T; oc T’ and extrapolated the rates obtained to higher
temperatures (see the dashed line in Fig. 3(a)). Subsequent
subtraction from the overall rates measured resulted in background-
corrected SLR rates which are represented in Fig. 3 by unfilled
symbols. As a result, we observe a stepwise increase in the diffusion-
induced T, rates: starting from low 7 an activation energy of E,” =
0.16 eV can be deduced, while an Arrhenius fit of the flank showing
up at higher temperatures yields Ej o = 0.44 €V.

The first value nicely agrees with the one obtained from
spin-spin-relaxation measurements which are also shown in
Fig. 3. In the limit 7 — 0 K, which is the rigid lattice, T, " is
approximately given by 10> s™* = T,, . The rate T, ' starts to
deviate from T,, * at 330 K and then follows an Arrhenius law
characterised by an activation energy of only E,’ = 0.19 eV.
According to the simple behaviour expected from the relaxation
model of Bloembergen, Purcell and Pound (BPP), which had been
introduced for 3D (isotropic) uncorrelated motion,** one would
expect the T, " flank to coincide with the high-T flank (w,t. > 1)
of the T, " rate peak leading to E,’ = Eq high With E, hign, being the
activation energy in the regime wyt. » 1. It should be noted that
Eahign cannot be determined via T,”' measurements in the
present case because of temperature restrictions and limitations
in our experimental setup (see above).

The various models developed for correlated motions do
predict asymmetric NMR rate peaks.'*'”*° Indeed, such shapes
are observed in general; the corresponding peaks are characterised
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by E,jow being smaller than E, hien and Ey' = Eyhign, Tespectively.
Eqhigh i8 often compared with the corresponding value from dc
conductivity measurements (see Fig. 5 and the following section).*?
In our case, however, these general characteristics for correlated 3D
jump diffusion seem to be not fulfilled and an anomaly is observed
as will be outlined in detail in the following.

To shed further light on this situation, we recorded '°F T,
NMR SLR rates in the rotating frame of reference at locking
frequencies much smaller than the Larmor frequency used for
our 7; measurements. Compared to NMR relaxometry in the
lab frame, Ty, " is per se sensitive to F motions taking place on
a longer length (and time) scale.'” As expected, we were able to
partly reach the high-T flank of the corresponding T, '(1/T)
peak; compared to T; *(1/7) it is shifted towards lower T. The
peak itself spans a rather broad T range; even after appropriate
background correction, as it was done for T;, the high-T flank
cannot be clearly separated. The broadened peak might be the
result of superimposing rate peaks reflecting the distribution of
migration processes in the disordered Ba,e¢lag.F,4 phase.
Irrespective of its overall shape, the activation energy in the
limit w7, « 1 lies in the range 0.25-0.35 eV. The resulting
value depends on the quality of the correction procedure
applied, i.e., the ff chosen, and the number of data points taking
into account for the Arrhenius fit. Most importantly, these values
are even smaller than E,,, deduced from T,"'(1/T) in the
limit wyt. « 1. This points to a second anomaly observed via
NMR relaxation. Frequency-dependent conductivity measure-
ments might help understand the complex results found by
NMR relaxometry.

C. Impedance and dielectric measurements

Quite recently, impedance spectra, that is the real part ¢’ of the
complex conductivity (6) plotted vs. frequency v, have been
reported by Fichtner and co-workers;’ conductivity data were
discussed in terms of contributions from bulk and grain
boundaries of mechanosynthesized Ba; ,La,F,.,. To compare
our results from NMR, recorded at lower temperatures and
resonance frequencies in the kHz and MHz range, the samples
have been investigated at temperatures down to 173 K and at
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(a) Real part of the complex permittivity ¢’ of nanocrystalline Bag gLag 4F» .4 (sample 1) as a function of frequency v. (b) Magnification of the spectra

shown left in order to estimate ¢(0). The bulk process can be mirrored with a power law of the form &'(v) = e(o0) + AP with p # f(t) ~ 0.44.

frequencies as high as 3 GHz. In Fig. 5-7 selected conductivity
as well as permittivity spectra are shown.

The isotherms (sample 1) shown in Fig. 5(a) reveal the
typical characteristics of impedance spectra of structurally
disordered materials usually showing a distribution of jump
rates and activation energies. If not perturbed by electrode
polarisation (EP) effects, dominating impedance response at
high temperatures and low frequencies, the spectra are
composed of a dc-plateau and a Jonscher-type dispersive
region, which can be approximated with a power law according
to ¢’ = opc = A,/°. As has been shown by many previous studies
on other ion conductors, the exponent « takes values ranging
from 0.5 to 0.8. In our case we found x = 0.56 almost indepen-
dent of T. k # f(T) means that the isotherms have the same
shape and can be collapsed into a single so-called master curve
after appropriate scaling has been carried out. This behaviour
indicates that impedance spectroscopy, when carried out
at different temperatures (>193 K) and frequencies with
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values as high as 1 MHz, is sensitive to the same motional
process in Bag ¢Lag 4F5 4.

At the lowest temperatures, that is, at temperatures lower
than 173 K, the dc-plateau has been mainly shifted towards lower
frequencies and a 1**°-dependence shows up. The increase of K
towards larger values might be related to the presence of strictly
localized F motions governing the isotherms at sufficiently low T.
k being close to 1 would correspond to the (nearly) constant loss
(NCL) phenomenon which is frequently related to such caged
dynamics, see, e.g., ref. 28 for a brief overview on this topic.

In order to quantify thermal activation of long-range F
transport, DC conductivity values (opcT) have been plotted in
Fig. 5(b) vs. 1000/T. The solid line represents a linear fit and
yields an activation energy E, 4. of 0.59 eV. This result is in
very good agreement with the value found by Rongeat et al.’
(0.58 eV) and with those reported for F~ ion transport in single
crystals.”*>® Moreover, it is comparable with the activation
energy when electrical relaxation times 7y are analysed, which
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Fig. 7 (a) The frequency dependence of ¢’ and ¢” recorded at 413 K. (b)
Frequency dependence of ¢’ and (—1)-¢” recorded at 413 K. According to
the Kramers—Kronig relation and ¢(w) =iwepélw) (here, we have w/2r = v,
i? = —1 and gg being the permeability under vacuum) the plateau ¢’ oc A,i°
corresponds to ¢’ o« Ax L The local minimum of ¢ (see arrow) is
expressed as a change in slope in the EP region of ¢’, see also Fig. 5.
The slopes given for ¢’ indicate electrode polarisation.

can be deduced from modulus peaks M"(v). These are less
sensitive to an electrical response determined by large capacities
such as the response from grain boundaries. Hence, we may
assume that opc mainly reflects the bulk response and that grain
boundaries seem to play a less prominent role in blocking long-
range transport. As has been pointed out by Rongeat et al.,’ the
activation energy obtained from opcT vs. 1/T mainly reflects the
migration enthalpy rather than contributions from forming F
vacancies. The authors already have pointed out that activation
energies ranging from 0.5 to 0.6 eV would correspond to those
being characteristic for vacancy migration in microcrystalline BaF,
(and its single crystals).>"*” In a structurally disordered material,
particularly when prepared by mechanical treatment, also other
point defects such as F interstitials have to be considered -
especially in the case of La-doped BaF,. In such a case, specifying
a primary point defect, if there is any, is very difficult. Most likely,
the situation has to be described by a complex interplay of
different kinds of defects, including not only point defects.

To judge which capacities and permittivities are associated
with the impedance spectra and dc-plateaus obtained, we
plotted ¢ as a function of v (see Fig. 6). Starting with
¢/(o0) &~ 8 at low temperatures and high frequencies, at inter-
mediate temperatures a plateau is reached indicating that ¢(0)
is approximately 35 (see the magnification in Fig. 6(b)). The
corresponding capacity takes a value of approximately 9 pF
(Fig. 7). In our opinion these values corroborate the anticipation
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that opc is predominantly determined by the bulk response. The
further increase of ¢’ observed is due to polarisation effects of the
ion blocking electrodes applied. In Fig. 7 the real and imaginary
parts of 6 and & are compared. The curves reveal the well-
known features of impedance spectroscopy and show an almost
‘ideal’ frequency dependence that is expected for a non-Debye
impedance response. This is also expressed as follows. If ¢’ is
given by &'(v) = ¢'(c0) + A,v P an AC storage-to-loss ratio of one is
obtained if p + x = 1. Indeed, our data fulfill this relation; we have
Kk = 0.56 and p = 0.44 (see Fig. 6(b)).

At this stage let us start comparing the results from impe-
dance spectroscopy with those from NMR relaxometry. Even if
E, q. represents bulk properties, it cannot be expected to fully
match E, i from NMR. The two methods are sensitive to anion
motions taking place on quite different time scales and they
have to be described by distinct motional correlation functions.
If at all, E, 4 is expected to coincide with E, nign;'” the latter is
per se sensitive to long-range ion motion at least. In contrast to
Eanigh, the low-T flank of a given T, ' rate peak is affected by
correlation effects such as structural disorder and Coulomb
interactions.>”*° Such interactions lead to the aforementioned
asymmetry of an NMR rate peak.

If we, however, readout conductivities at higher frequencies
instead of determining dc-values at ¥ — 0, lower activation
energies should result.’®*? Indeed, this is the case when the
Arrhenius plot of Fig. 5 is considered. The unfilled symbols
represent ¢’'T measured at 56 kHz and 1 MHz. Although, as
expected, the values coincide with opcT at sufficiently high
temperatures, the deviations at lower 7 hint to smaller activa-
tion energies being responsible for anion hopping if shorter
length scales are regarded. Typically, E, o = 0.35 €V is obtained
here, that is, however, smaller than E,o, from '’F NMR.
Instead, good agreement has been found between E, o, and
E, ac in the case of nanocrystalline LiTaO; analysed in a similar
manner. Such an agreement is proposed by the coupling
concept introduced by Ngai** and has been documented for a
number of ion dynamics in glassy systems, in particular.

Although E, ,, irrespective of being determined at 56 kHz or
1 MHz, might be interpreted as an activation energy that is
comparable with that of the low-T flank of the T} p’l-peak, the
discrepancy between E,,. = 0.35 €V and E, ow = 0.44 €V is
apparent. To answer the question whether this changes the
frequency regime that is identical with the Larmor frequency of
282 MHz, we performed conductivity measurements up to the
GHz range. In Fig. 8 some of the impedance data of sample 3
are shown. The conductivities recorded span a dynamic
range of eleven decades. The data points recorded in the GHz
regime perfectly match those collected with the Alpha-analyser
working up to 20 MHz. As a side note, the high-frequency data
reveal a change in the slope of the isotherms recorded at low
temperatures. This might be an indication of a high-frequency
plateau increasingly affecting conductivity data.

At high temperatures, ac conductivities ¢’ determined at
282 MHz, which equates the NMR Larmor frequency, do also
follow an Arrhenius law with an activation energy of 0.35 eV
(see Fig. 8). Of course, at lower temperatures the influence of an
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(a) Full conductivity (and permittivity, 373 K) isotherms of nanocrystalline Bag gLao 4F2.4 (sample 3) covering a frequency range of eleven decades.

Temperatures range from 153 K to 513 K in steps of 20 K. (b) Corresponding Arrhenius plot showing the temperature behaviour of opcT of sample 3 (see
above) and ¢’(v = 282 MHz)T. Note that 282 MHz equates the °F NMR Larmor frequency. The lines show linear fits; the activation energies are indicated.
For comparison, the dashed line represents opcT of sample 1, which has been prepared in a tungsten carbide vial.

NCL-type contribution increases and ¢'(7) reveals only a weak
dependence on T. Let us identify the ac activation energy of 0.35 eV
with that of short-range ion motion affected by correlated forward-
backward jumps and E, 4. with that of long-range translational ion
hopping. If we do so, the difference E,qg. — Eaac & 0.22 €V
could be interpreted in terms of the jump relaxation model as
an activation energy needed for the surrounding lattice to relax
towards a new equilibrium state accommodating the ion just
jumped to a vacant site.>®

Lastly, in order to compare the response of conductivity
spectroscopy with that of NMR, within an extra experiment we
recorded ¢’ (and ¢&') at a single frequency but varied the tem-
perature. In Fig. 9 the real part of the complex resistivity, which
is given by p = 1/6 and related to the complex modulus according

T T T
6.0 .
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=

T =70}

z
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>
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1000/T /K"

Fig. 9 Real part of the complex resistivity of nanocrystalline Bag ¢Lag.aF2.4
(sample 3) as a function of inverse temperature T. From the different flanks
of asymmetric peaks obtained activation energies for long- and short-
range motion can be deduced.
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to M = 1/é via p = M/(iwe,), is plotted vs. the inverse temperature.
p’ passes through distinct maxima. If recorded at 60 kHz the
peak shows up at T = 335 K; this result is in good agreement
with the position of the corresponding 1/T;,(1/T)-peak, see Fig. 3.
As expected, the p’(1/T)-peak shifts towards higher T with
increasing frequency. The slope of the high temperature flank
yields E, , = 0.55 eV (X E, q.) (see the solid line drawn).

The pronounced asymmetry of the peaks is in agreement with
that commonly found for glassy or at least structurally disordered
ion conductors, see ref. 59, in particular. Important to note, the
rather broad shape of the maximum resembles that of the 1/T,(1/7)
peak. It is an indication of a broad distribution of different
relaxation mechanisms present. Before we finally compare the
various activation energies obtained, we will contrast the self-
diffusion coefficient obtained from the 1/T;,(1/7) peak with that
which can be deduced from og4.. According to the NMR maximum
conditions in the rotating frame of reference w7t ~ 0.5, the jump
rate is in the order of 7.85 x 10° s~ '. With the Einstein-
Smoluchowski equation Dy = #%/(67) for 3D diffusion® this trans-
lates into a self diffusion coefficient Dy of 1.2 x 107 m? s™* at
380 K if we assume a jump distance / of approximately 3 A.
Reducing / to 2 A, Dy decreases to 5.2 x 10 ** m? s~ ™.

However, the Nernst-Einstein equation relates o4, with a
solid-state diffusion coefficient D'.*° According to our conduc-
tivity values, diffusion coefficients of D'(373 K) ~ 3.0 X
107 m?>s ' and D'(393 K) & 7.6 x 10" m? s~ ' are obtained.
While D' is related to the tracer diffusion coefficient via Dy =
HiD' with the Haven ratio Hg; Dgq given by Dy = fDgq and f
denotes the correlation factor ranging from 0 to 1. Altogether
this leads to Dsgq = (Hg/f)D'. Assuming that the quotient Hy/f is
in the order of unity, good agreement between ¢4, and
the appearance of the 1/Ty,(1/T) rate peak is obtained. The
high-temperature flank of the NMR peak is expected to be
governed by an activation energy being similar to that found by
dc conductivity measurements.
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Table 1 Activation energies E, from the various NMR and conductivity
methods applied

Method E, (eV) Type T-range, frequency

T, 0.16(2) I 220-330 K, 116 MHz

T, 0.19(1) I 350-550 K, 116 MHz

o' 0.22(2) Low-T flank of (M"/w)-peaks
¢’ ac 0.35(3) I 250-500 K, 56 kHz-282 MHz
Ty, 0.25-0.35 I 250-330 K, 56 kHz

T, 0.44(1)" II1 400-530 K, 116 MHz

™ 0.55(1) v 220-400 K, modulus peaks
o’ 0.55(1) v High-T flank of (M"/w)-peaks
¢’ dc 0.57(1) v 200-500 K (sample 3)

¢’ dc 0.59(1) v 200-500 K (sample 1)

¢ Low-T flank of the 1/T4(1/T)-peak.

D. Final discussion and comparison of activation energies

To sum up, in Table 1, the activation energies probed by both
impedance and NMR spectroscopy are listed. Disregarding fully
NCL-type caged dynamics (see above), the different regimes of
activation energies probed illustrate the transition from short-
range motions (I and II) to long-range ion transport (IV).

The data clearly illustrate that the final result for the
activation energy is determined by the method chosen and its
sensitivity to a specific time and length scale. Only in structurally
ordered and (macroscopic) homogeneous materials with a perfectly
regular energy landscape one might expect a single value for the
activation energy E,.

While the activation energy of type I might point to localized
dynamics, group II could be identified with the (mean) activa-
tion energy describing the elementary jump processes in nano-
crystalline Bay gLag 4F, 4. The relatively large value probed by T;
NMR seems to reflect an anomaly coupled with the different
jump mechanisms leading to long-range ion transport. It is
worth noting that the latter result does not depend on the
integration range of the underlying NMR free induction decays.
This means that it does not play a role whether parts of the free
induction decays or the whole integral over the transient signal
is analysed in terms of a saturation recovery experiment to extract
the T; rates. In all cases the same magnetization recovery curve is
obtained which follows a pure exponential containing a single
T, ' rate. Hence, from the point of view of SLR NMR the spin
ensemble appears as a dynamically uniform system. Even if
there are any microscopic spin regions acting differentially, fast
spin-diffusion, i.e., so-called spin flip-flop processes without
mass transfer, results in a homogeneous '°F NMR spin system
characterised by a single spin temperature.

V. Conclusions

Up to a certain concentration the mechanochemical introduc-
tion of La ions into BaF, leads to solid solutions of Ba; _,La,F,.,
crystallizing with a fluorite-type structure.’ Structural disorder
and strain owing to the socialization of two cations with largely
different radii, see also ref. 44, is anticipated to severely affect
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overall ion transport of F~. The relatively high ion conductivity
of Ba; _,La,F,., with x = 0.4 at elevated temperatures makes the
cation-mixed material a promising solid electrolyte in modern
energy storage systems with F~ ions as charge carriers. Preliminary
solid-state cyclovoltammetry measurements'® encouragingly
show a sufficiently good electrochemical stability over a rela-
tively large potential window.

Here, we could show, by using both atomic-scale NMR relaxo-
metry and (high-frequency) broadband impedance spectroscopy,
that F~ ion transport in the ternary fluoride is governed by
multiple hopping processes. Depending on the time scale the
particular technique is sensitive to, we could distinguish between
short-range and long-range translational dynamics. This
manifests in a broad range of activation energies found span-
ning the range from localized hopping (0.16 eV) to macroscopic
ion transport (0.55 eV). Interestingly, an anomaly is found when
activation energies obtained from ac conductivity spectroscopy
(0.35 eV) are compared with that deduced from diffusion-
induced T; ' 'F NMR performed at 282 MHz. This might be
explained by the fact that the two methods, even if applied in
the same frequency window, do probe different motional
correlation functions. Structural heterogeneities, such as the
formation of F~ clusters,”>*>>%" or size effects such as the
influence of space charge zones®*®® in materials with a large
surface area might also be considered to discuss the results
found. To this end, detailed structural information is needed to
correlate them with the dynamic properties studied here.

Unfortunately, due to the heat sensitivity of the sample we
could not probe the high-temperature flank of the corresponding
19F NMR peak in the rotating frame of reference. Fortunately, via
the shallow maximum detected at approximately 380 K the F self-
diffusion coefficient Dy could be determined. A value of 7.85 x
10° s!
conductivity results. This is consistent with the agreement
between activation energies from ac conductivity and the low-T'
flank of the T;, ' NMR peak.

is in line with that which can be estimated from dc
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5.3  Mechanosynthesis of BaMgF4

The common application of BaMgF, is found in optics, where it is intended to be used
as an all solid state laser material 8! However, its anisotropic diffusion characteristics
make it an interesting candidate for investigations with impedance spectroscopy. In a
study of single-crystalline BaMgF4 Kannan et al. found a strong dependence of the ionic
conductivity on the orientation of the crystal lattice.”” The highest conductivity was
found along the c-axis. This can be related to the corner-sharing MgF¢-octahedra that are
aligned towards this crystallographic orientation, as it is schematically illustrated in Fig-
ure 25b). Diffusion along other orientations is less favored, especially along the b-axis, as
the Ba®*-cations separate the MgFs-units in this direction. In the present study, BaMgF4
was prepared by mechanochemical pathways. Interestingly, the anisotropic characteris-
tics of the conductivity could be found for the nanocrystalline powder as well. It is ex-
pressed by the shallow slope of the conductivity isotherms of the material. At high fre-
quencies, the exponent k of the power law fits exhibits values smaller than 0.5 which

points to low dimensional conductivity.?®

T T T 1
100 0 -100 -200 -300 c
chemical shift (ppm)

Figure 25 — a) 1%F MAS NMR spectra of the reaction mixture after t=0, 1, 2 and 3 h clearly demon-
strate the presence of the starting material after the first milling intervals. b) Illustration of the
crystal structure that shows the alignment of the MgFs-octahedra along the c-axis providing a
preferred pathway for the diffusion of F-ions.

The second highlight of the investigations on BaMgF4 was the study of the synthesis
procedure itself by a combination of X-ray diffraction and F MAS NMR spectroscopy.
This quasi enabled an in-situ monitoring of the conversion of the binary fluorides into

the product as the reaction immediately stops when the mill is switched off. While X-ray
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5. RESULTS AND DISCUSSION

spectroscopy was unable to detect the MgF,-signal, it could be well resolved by the help
of MAS NMR (see Figure 25a). This might result from an amorphization of the magnesium
fluoride due to the treatment in the mill or simply from a superposition of the X-ray
signals in the diffraction pattern. However, these findings highlight the suitability of MAS
NMR for the structural characterization of inorganic solids.

At the time that the results of these investigations were published, it was the first
report of a mechanochemical synthesis of BaMgF,. However, a similar approach was re-
cently published by Scholz and co-workers using acetates as a starting material.** Detailed

results and further discussion are given in the publication below.
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Mechanochemical milling provides a versatile method for the preparation of nano-sized, defect rich, poly-
crystalline materials. If ionic materials are considered, the transport parameters of the mobile ions may
greatly differ from those of the microcrystalline counterparts prepared by conventional synthesis routes.
Little is known about ionic conduction in nanocrystalline materials having crystal structures that offer
spatially confined transport pathways. Here, we focused on mechanosynthesized BaMgF, that combines
both nanocrystallinity and anisotropic F~ transport. The preparation of nanocrystalline BaMgF, is pres-
ented as a facile and rapid one-pot procedure. The reaction was followed by X-ray diffraction and high-
resolution *°F nuclear magnetic resonance (NMR) spectroscopy. NMR helped prove the formation of
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X-ray amorphous compounds as well as the transformation of the starting materials into the final product
BaMgF,4. Most importantly, besides enhanced conduction properties compared to a single crystal, our
broadband impedance spectra reveal characteristics pointing to anisotropic (low dimensional) ion trans-
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Introduction

Adaptable synthesis techniques provide the basis for the devel-
opment of new functional materials which are crucially
needed for, e.g.,, new sensors, catalysts or powerful energy
storage systems taking advantage of solid state ion conductors.
High-energy ball-milling has been proven to be a highly versa-
tile method for the preparation of nanocrystalline solids with
extraordinary micro- as well as macroscopic properties such as
optical, electrical or magnetic behaviour.™*

In many cases, but not in all, nanocrystalline materials pre-
pared in this way show enhanced ion transport properties.”*
Increased ion dynamics is directly linked with the great
amount of defects introduced during mechanical treatment.**
The different types of defects generated determine both bulk
properties as well as those related to the large volume fraction
of interfacial regions (or grain boundaries). Compared to their
coarse-grained or single crystalline counterparts, the mean
crystallite diameter of cluster-assembled nanocrystalline cer-
amics is smaller than 50 nm. Their various properties are gov-
erned by the large number fraction of ions in or near the
interfacial regions, that is, the surface-influenced volume.
Depending on the thickness of the surface layer, which may
range from 0.5 to 2 nm, for a mean crystallite size of approxi-

Graz University of Technology, Institute for Chemistry and Technology of Materials
(Member of NAWI Graz), Stremayrgasse 9, 8010 Graz, Austria.
E-mail: preishuber-pfluegl@tugraz.at

This journal is © The Royal Society of Chemistry 2014

port processes even in the nanocrystalline form of BaMgF,.

mately 20 nm up to 20 to 30% of the ions may reside in the
interfacial regions. As an example this has been shown for Li-
bearing nanocrystalline oxides such as Li,O and LiNbO;.>?
Besides the preparation of thermodynamically stable com-
pounds, in the extreme case mechanochemistry also provides
access to metastable and nanocrystalline phases that cannot
be prepared via conventional synthesis routes requiring high
temperatures, see, e.g., ref. 5-8.

Although a huge number of studies can be found focusing
on the synthesis and characterization of nanocrystalline ion
conducting ceramics,” investigations putting emphasis on ion
dynamics in nanocrystalline conductors crystallising with
structures that offer spatially confined transport pathways are
scarce. Little is known how anisotropic transport is altered
when such materials have been prepared in a nanocrystalline
form via mechanosynthesis. Here, ferroelectric BaMgF,, crys-
tallising with the orthorhombic BaZnF, structure (space group
Cmc2,4, see Fig. 1), was chosen as a suitable model system com-
bining these two aspects.

In its single crystalline form, the ternary fluoride reveals
highly anisotropic ion conduction. This was shown by Kannan
et al.’ who investigated ion transport at high temperatures by
means of impedance spectroscopy. The authors report on
enhanced conductivity along the c-axis of a single crystal,
which enables fluorine ions to jump via vacant sites along the
corner sharing octahedra.'® In BaMgF, the MgF, octahedra are
linked via cis vertices to zigzag chains parallel to the c-axis;
along the a-axis, these chains are connected via trans vertices
to slabs parallel to the ac-plane. The same anisotropy in ion

Dalton Trans., 2014, 43, 9901-9908 | 9901
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Fig. 1 Crystal structure of BaMgF, (space group Cmc2,,) illustrating the
connectivity of the MgFs octahedra and the anisotropic migration
pathway of the F anions along the c-axis.

conduction has also been found for BaMnF, and other
compounds of this isomorphic family. From an application
point of view, BaMgF, is known as a promising material for
all-solid-state laser applications;'" moreover, it is a candidate
for non-destructive readout ferroelectric random access
memory devices using metal-ferroelectric-semiconductor
structures."”

In the present study, it was synthesized via ball-milling
directly from the binary fluorides BaF, and MgF,. The reaction
was carried out as a one-pot procedure yielding a phase-pure
powder already after three hours of milling; no further purifi-
cation or annealing steps were necessary. The convenience of
this versatile synthesis route also highlights the benefits of
mechanochemistry compared to other methods such as high
temperature solid-state synthesis, including hydrothermal
routes, sol-gel reactions or wet chemical methods."*™"”

Compared to single crystalline BaMgF, we found enhanced
ion transport properties for the nanocrystalline form investi-
gated here. Permittivity and conductivity spectra are discussed
in terms of electrical responses resulting from bulk and grain
boundary regions. Interestingly, even in the case of a nanocrys-
talline, mechanosynthesized sample, the frequency-dependent
conductivity measurements carried out point to low dimen-
sional ionic conduction along the c-axis. This can be inferred
from the shallow frequency dependence in the dispersive
regions of the conductivity isotherms. Such features have only

9902 | Dalton Trans., 2014, 43, 9901-9908
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rarely been used to enlighten the effect of dimensionality of a
given hopping process on the frequency dependence of con-
ductivity values."®

Experimental section
Materials and methods

BaMgF, was synthesized by mechanical treatment of the
binary fluorides in a high-energy ball mill (Fritsch Pulverisette
7 premium line). Stoichiometric amounts of BaF, and MgF,
were milled using 180 balls made of zirconium dioxide (ZrO,)
with a diameter of 5 mm in beakers of the same material. The
ball-to-powder ratio was set to 14 :1. To exclude any moisture
and the influence of any oxygen during milling, the powders
and beakers were strictly handled in a glovebox filled with a
dry argon atmosphere (O, and H,O < 0.5 ppm). If not stated
otherwise, the total milling time was set to three hours consist-
ing of 36 cycles a five minutes, each one followed by a resting
interval of 25 minutes allowing the beakers to cool down. After
each hour of milling, i.e., after twelve cycles, the beakers were
opened and the powder was completely removed and homo-
genized in an agate mortar; then, the samples for X-ray diffrac-
tion (XRD) and magic angle spinning nuclear magnetic
resonance (MAS NMR) analysis were taken, see Fig. 2. It
should be mentioned that the amount of the samples taken
out was very small in order not to change the ball to powder
ratio.

Structural characterisation of the resulting powders was
carried out on a Bruker D8 Advance diffractometer with Bragg
Brentano geometry using Cu Ka radiation (10 to 100° 26, step
size 0.02° 20, step time 1 s). Rietveld-refinement was done with
X-PertHighScorePlus (PANalytical). '°F MAS NMR experiments
were recorded on a Bruker Avance III spectrometer operating at
470.4 MHz employing a 2.5 mm-MAS probe (Bruker) being
able to reach a maximum spinning speed of 30 kHz. Spectra
were referenced to solid, crystalline LiF (—204.3 ppm) serving
as a secondary standard (primary reference CFCl;, 0 ppm), see
Fig. 2(b). Spectra were recorded after non-selective excitation
with a single radio-frequency pulse; the pulse length was 2 ps.
After Fourier transformation of the free induction decays,
phase correction in first and second order was carried out
using TopSpin software and MestreNova.

For our dielectric measurements, 200 mg of the powder
were pressed in a mould with 10 mm inner diameter applying
a uniaxial pressure of 0.13 GPa yielding pellets of about 1 mm
in thickness, each time measured with an appropriate caliper.
100 nm of gold, serving as electrodes, were applied on both
sides of the pellet with a sputter coater (Leica) to ensure good
electrical contact. Impedance spectra (see Fig. 3) were
measured with a Novocontrol Concept 80 broadband analyser
(Alpha-AN, Novocontrol) using a BDS 1200 cell in combination
with an active ZGS cell interface (Novocontrol) allowing temp-
erature-variable two-electrode (dielectric) measurements.
Frequencies covered a range of nine decades, starting from
1072 Hz up to 10 MHz. The temperature was varied between

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) X-ray powder diffraction patterns of the ball-milled reaction mixture after 1 h, 2 h, and 3 h of milling at 1000 rpm in ZrO, beakers; reflec-
tions of a BaMgF, single crystal are indicated by vertically drawn (red) lines.: The patterns are stacked with a constant pitch. For comparsion, the
powder pattern obtained when the milling conditions are changed to 600 rpm and 10 h, that is lower mechanical impact but longer milling time, is
also shown, see (v). The pattern labelled (i) is obtained after impedance measurements. (b) *°>F MAS NMR spectra of the reaction mixture at different
stages of milling. Spectra were recorded at a spinning speed of 30 kHz. Asterisks indicate the various spinning side bands of the BaMgF, signal as
well as those originating from the starting materials. (iv) and (v) show reference NMR spectra of the non-treated starting materials BaF, and MgF,.
Small arrows indicate those NMR lines that can be assigned to orthorhombic BaF,. In (iii) the region from 50 ppm to —50 ppm is enlarged to illustrate

additional NMR intensities near the '°F signal of BaF,.

133 and 573 K in steps of 10 K; it was automatically controlled
by a QUATRO cryosystem (Novocontrol). A dry nitrogen atmos-
phere with the appropriate temperature is built up around the
sample in the cryostat by a constant flow of gas, freshly evapor-
ated from a dewar containing liquid nitrogen.

Results and discussion
Sample characterisation by X-ray diffraction

Fig. 2(a) shows the X-ray powder diffraction patterns of the
resulting nanocrystalline materials after treating the binary
fluorides, BaF, and MgF,, over an increasing amount of time
in a planetary mill at 1000 rounds per minute (rpm). Already
after one hour (see the pattern labelled (iv)), the diffraction
pattern solely reveals the formation of only one phase viz
orthorhombic BaMgF,. Broad background signals, however,
show up at small diffraction angles that indicate the presence
of a certain amount of amorphous material. This could either
result from amorphous BaF, and/or MgF, formed under the
harsh milling conditions or from abrasion of zirconium
dioxide from the milling tools. The former explanation is sup-
ported by our NMR measurements (see below); residues of the
starting materials become X-ray amorphous; however, they can
be identified by '°F MAS NMR. It turned out that the isotropic
chemical shifts of amorphous BaF, and MgF, are almost iden-
tical with those of the crystalline counterparts. The same has
been found previously for pure, nanocrystalline BaF,.° Of
course, XRD reflections with weak intensity belonging to the

This journal is © The Royal Society of Chemistry 2014

binary fluorides could be hidden by the broadened signals of
BaMgF, governing the pattern. It is worth mentioning that low-
ering the mechanical impact, ie., using 600 rpm instead of
1000 rpm, does not lead to a complete formation of BaMgF,
even if the milling time is increased from 1 h to 10 h. This is
illustrated by the X-ray powder pattern (v) included in Fig. 2(a).

The mean crystallite size of our samples treated at 1000 rpm
ranges from about 10 nm after one hour of milling to
about 7 nm to 15 nm after three hours. These values have
been estimated using the equation introduced by Scherrer
with a shape factor of 0.9 representing spherical crystallites.
They do not take into account the influence of strain generated
during milling; such an effect, however, does not change the
estimated values much as has been shown by previous studies
on similar fluorides.*"®

In Table 1 the cell parameters obtained from Rietveld
refinement are listed. Compared to the results on BaMgF,
single crystals,*® ball milling leads to a slight distortion of the
cell geometry; the position of the reflections are marginally
shifted towards larger diffraction angles. In spite of that, the
decrease of the Bragg factor Rprage with increasing milling time
reveals that the resulting structure increasingly resembles that
of BaMgF, described in the literature.>®

Further characterisation by high-resolution solid-state
19F NMR spectroscopy

Compared to X-ray diffraction, MAS NMR spectroscopy allows
more distinct insights into the mechanochemical reaction pro-

Dalton Trans., 2014, 43, 9901-9908 | 9903
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Table 1 Lattice parameters of the mechanosynthesized powders as
obtained from Rietveld refinement; data for the BaMgF, single crystal
listed were taken from ref. 20

Milling time/h alA blA c/A Riragg
1 4.146(1) 14.479(1) 5.814(1) 9.2

2 4.141(1) 14.489(1) 5.813(1) 6.4

3 4.139(1) 14.495(1) 5.810(1) 5.5
Single crystal 4.126 14.518 5.821 —

cedure; the evolution of the characteristic BaMgF, NMR
signals and the decrease of the corresponding intensities of
the starting materials is clearly outlined in the spectra shown
in Fig. 2(b).

By using a rotation frequency of 30 kHz, four different fluor-
ine sites, being crystallographically and magnetically inequiva-
lent, can be distinguished via MAS NMR: —-79.5 ppm (1),
—85.1 ppm (2), —160.6 ppm (3) and —168.6 (4) ppm, see Fig. 2(b)
(i) to (iii), the NMR lines are indicated by numbers. These
values are in good agreement with results from other studies
reported in the literature but focusing on, e.g., single crystal-
line and polycrystalline BaMgF, synthesized via solid state
pathways.'® Once again, this comparison shows that '°F NMR
chemical shifts of nanocrystalline mechanosynthesized fluor-
ides do not differ much from those of crystalline materials. In
our case, however, the '°’F MAS NMR lines are considerably
broadened, pointing at significant structural disorder due to
the enormous mechanical impact during milling.

Besides the formation of the desired ternary fluoride, which
shows up already after just 1 hour of milling, in the early
stages of mechanical treatment NMR lines of orthorhombic
BaF, show up. This behaviour was also observed previously for
pure BaF, prepared in a similar way.>*® Orthorhombic BaF, is
a high pressure phase of barium fluoride which forms under

9904 | Dalton Trans., 2014, 43, 9901-9908

the milling conditions chosen here.> With increasing milling
time, however, it is completely transformed into BaMgF,.

Regarding the ppm region from 20 ppm to —50 ppm in
more detail (Fig. 2(b), (iii)), additional NMR lines with low
intensity show up after one hour of milling. They cannot be
completely assigned to the formation of orthorhombic BaF,.
Most likely, these intensities point to '°F chemical shifts of a
small amount of (X-ray amorphous) Mg doped cubic-BaF, that
might represent the initial reaction product which is then con-
tinuously transformed into BaMgF,.

After three hours of milling, the NMR lines of BaF, and
MgF, as well as the weak signals of the side products comple-
tely disappeared. Compared to our experiments performed at
only 600 rpm, the preparation of pure BaMgF,, as it is carried
out here, is driven by the higher mechanical impact at 1000
rpm leading to increased grinding and local pressure.
Additionally, the effect of hot spots may further support the
transformation of BaF, and MgF, into phase pure BaMgF,. For
comparison with other synthesis routes, the high rotation
speed of 1000 rpm leads to a temperature increase from room
temperature to approximately 370 K inside of the beakers. A
precise value of temperature and pressure, giving clear insights
into the reaction conditions inside the milling beakers cannot
be given as our current synthesis equipment does not support
a measurement of these values. Here, we roughly estimated
the inner temperature from measurement on the outer surface
of the beakers.

Ion dynamics probed by temperature-variable impedance and
dielectric measurements

The dielectric response of mechanosynthesized BaMgF, was
investigated at temperatures ranging from 133 K to 573 K over
a broad frequency range (v = 10 mHz to 10 MHz) covering nine

This journal is © The Royal Society of Chemistry 2014



Dalton Transactions

a)
® T T T T T T
W
I AN mechanosynthesized -
ROWN BaMgFy
NN
o \{o N
< 9 2%
T o, 1 »‘o
I3 L SN %
o -6r )x\'l ‘\ T
(2] . c-axis B>,
;N \ b-axis \2\ '\( 0
& S\ RGN N~
© NN Z
> -8 ' 2“dhrun: AN N ]
2 ® heating AN
NN
39 run N
© heating \uQ&G,\\\
© heating (plateau P2) R TIN
-10[ o cooling %
1 n 1 n 1 L 1
2.0 2.4 2.8 3.2
1000/T K™

Fig. 4

Paper
b)
0‘3 =3 T T T T T q
3" heating 573K
S o2- E
< 0
=\ 15.4 kHz ©
N 0.2 MHz o
v01F 0-0®-o RV 1 b
o’jﬁ ‘3/9/ % s
& KV Zs'/ MQ
0.0 HE . D \ . o
0.0 0.1 0.2 0.3 0.4 0.5 0.6
c) 1ol T T T T u
o 2" heating 473 K
= 3 heating
a o 3" cooling ]
= B 316 Hz 7
= e o " . .
N 4r = 749 Hz o m N a 7
TR "
0 1 V | 1 1 H
0 5 10 15 20 25
Z' MQ

(a) Arrhenius diagram showing the temperature dependence of the dc-conductivity and of the additional plateau value of Fig. 3. (b). The

dashed lines show Arrhenius fits. For comparison, the dashed-dotted line represents the conductivity of a single crystal along the b-axis; the values
for conduction along the c-axis coincide with our data found for the third cooling cycle. (b, c) Complex plain plots of the real part vs. the imaginary
part of the impedance show depressed, overlapping semi-circles for the ball milled, nanocrystalline samples. The coloured symbols (to which the
arrows point) represent the frequency at the maximum of the semicircle. (b) The red, dashed semicircles schematically represent two different
diffusion processes corresponding to the plateaus P1 and P2 in Fig. 3(b). (c) The grey, solid line serves as a guide to the eye.

decades (see Fig. 3 and 4). This enabled us to get detailed
insights into the length-scale dependent ion dynamics in the
nanocrystalline ternary fluoride providing a channel-like
arrangement for some of the fluorine ions. This constraint of a
crystal structure is a prerequisite for low-dimensional
diffusion. Quasi 1D ionic transport has been proposed by
Kannan et al.’ based on impedance spectroscopy results on
BaMgF, single crystals; ionic transport along the c-axis is
reported to be much faster than that along the b-axis. Such
low-dimensional hopping of the mobile charge carriers should
become apparent as a characteristic signature in the dispersive
regime of ¢/(v) of the conductivity isotherms.'® Here, o
denotes the real part of the complex conductivity. Specifically,
a relatively shallow frequency dependence ¢'(v) ~ 1~ is expected
for low dimensional ion conduction with the Jonscher expo-
nents « being (significantly) smaller than approximately 0.5."®
The conductivity isotherms shown in Fig. 3 are composed
of four regimes. (i) At low frequencies (and sufficiently high
temperatures and thus ion mobility) electrode polarisation
(EP) effects show up owing to the pile-up of ions near the
surface of the blocking Au electrodes applied. In many cases a
step-wise decay of ¢’ is detected (see the two arrows in Fig. 3(b)).
(ii) The polarisation regime passes over into a distinct conduc-
tivity plateau (P1) governing the isotherms at intermediate
temperatures and low frequencies. If this plateau is identified
with a bulk response, it reflects long-range ion transport and
is called the dc-plateau. Moving to higher frequency a shallow
dispersive regime with a weak frequency dependence shows
up. It directly merges into a shallow second plateau (iii, P2)
passing over in the final dispersive regime (iv) which can be
approximated with a Jonscher power law (see above). The
second plateau becomes clearer in the third heating run as

This journal is © The Royal Society of Chemistry 2014

can be seen by the isotherms shown in Fig. 3(b). In that figure
the temperature-dependent levels of the plateaus P1 and P2 on
the ordinate are highlighted by filled circles. The same charac-
teristics do also show up in the corresponding permittivity
spectra presented in Fig. 5 and discussed below.

To analyse the conductivity data in terms of dimensionality
effects we looked at the Jonscher exponents of the dispersive
regime. At low temperatures the exponent x takes values of
approximately 0.75 (see Fig. 3(a) and (b)). Most likely, strongly
correlated motion or spatially localized ones already influence
o'(v). The prominent nearly-constant-loss phenomenon, see
ref. 21 for an overview, being frequently related to caged
dynamics in so-called asymmetric double well potentials,
would lead to « values close to one.

Most importantly, at higher temperatures, that is above
333 K, the exponent k drops below 0.4 and less. As mentioned
above, this gives evidence for a low dimensional transport
process. As summarized in ref. 18, such low Jonscher expo-
nents seem to be characteristic for 1D and 2D diffusion as is
found in beta-alumina and other low-dimensional ion
conductors.

In order to underpin the interpretation of x as being an
indicator of low-dimensional transport in BaMgF,, we com-
pared the conductivity values of the two plateaus of our iso-
therms with the corresponding values of Kannan et al.® who
carried out orientation-dependent measurements on single
crystals. In the Arrhenius plot of Fig. 4 the ¢’ values of the first
plateau P1 are shown, which have been read out from the iso-
therms of different heating runs. Heat treatment at elevated
temperatures causes a continuous decrease of ion conductivity,
which is presumably due to healing of defects and/or thermal
equilibration. At the top of each heating cycle, the conductivity

Dalton Trans., 2014, 43, 9901-9908 | 9905
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(a) Real part of the permittivity as a function of frequency showing two distinct plateaus with characteristic capacities for bulk conduction

processes, see the horizontally drawn dashed lines. This is particularly illustrated in the inset; see the isotherm recorded at 573 K. (b) Plot of the
dielectric loss, tan &, versus frequency, likewise showing an additional peak as a shoulder in the spectra as indicated by the arrow. EP denotes contri-

butions from electrode polarisation.

drops slightly, and when going back to lower temperature the
slope of the dashed lines in Fig. 4(a) increases reflecting an
increase of the corresponding activation energy E,.

In order to explore possibly origins of this behaviour we
recorded an X-ray powder pattern after heat treatment in the
impedance cell, see the pattern at the top of Fig. 2(a). The
remaining broad reflections do not indicate any significant
grain growth. Therefore, local changes, that is a reduction of
the concentration of defects, might be responsible for the
change in conductivity rather than macroscopic ones. The
amount of amorphous material seems to be somewhat
reduced compared to the pattern directly recorded after
mechanosynthesis of BaMgF,,.

Coming back to Fig. 4(a) the dashed lines represent fits
with an Arrhenius law according to 6Tp; py  exp(—Ea/(ksT)); kg
denoting Boltzmann’s constant. Starting from 0.81 eV the acti-
vation energy E, slightly increases to 0.88 eV after the sample
has been exposed to 473 K for about 1 h inside the impedance
cell. Interestingly, the values measured for the third run
(cooling from 473 K to lower T) coincide with those reported
for ion conduction along the c-axis in BaMgF, as reported by
Kannan et al.® Along this axis, the MgFg-octahedra are directly
connected forming a low-dimensional diffusion pathway (see
also Fig. 1). Ion conduction along the b-axis is indicated in
Fig. 4(a) by a dashed line; in contrast to fast ion movement
along the c-axis, ion transport is much slower.

Besides the conductivity values of the first plateau, those of
the second one are also included in Fig. 4. The data points
follow an activation energy of approximately 0.81 eV (3" run,
heating). Regarding absolute conductivity values, they are by
about one order of magnitude larger than those reported for
ion conduction along the c-axis in BaMgF, single crystals.’

9906 | Dalton Trans., 2014, 43, 9901-9908

To illustrate the presence of a second conductivity plateau
in another way, we also analysed the corresponding Nyquist
plots which can be constructed when the real part of the impe-
dance Z' is plotted vs. the imaginary part Z”. Exemplarily, data
recorded at 473 K are shown in Fig. 4(c). The Nyquist curves
are clearly composed of two overlapping semicircles reflecting
the two plateaus (P1 and P2) of the ¢/(v) isotherms. With each
heating run the intercepts (with the Z'-axis) of the two, slightly
depressed semicircles shift towards higher impedances Z’' «
1/6’ (Fig. 4(c)); this is, of course, also represented by the con-
ductivities (see Fig. 4(a)).

The fact that the overall impedance response is composed
of three different regions can be best seen in Fig. 4(b) that
shows the Nyquist curve recorded at 573 K. While the spike at
the lowest frequencies represent electrode polarisation, the
two semicircles can be relatively well separated from each
other. For comparison, the same two different dielectric
responses can also be seen when the real part of the complex
permittivity ¢ or the dielectric loss tan § is plotted vs. fre-
quency (see Fig. 5(a) and (b)). The response of tan § obviously
reveals a shoulder at higher frequencies; it is exemplarily indi-
cated by the arrow in Fig. 5(b) and points to the second relax-
ation process P2.

In order to judge if and to which extent any grain boundary
effects govern the low-frequency response, that is the P1 con-
ductivity plateau, we looked at the corresponding capacities
C; (i = P1, P2). From the ¢'(v) isotherms, it can be read out that
the capacity Cp, of the high frequency response, corresponding
to the second ¢ plateau, is about 5.6(5) pF clearly proving
bulk ion conduction. The response at lower frequencies,
corresponding to the first conductivity plateau, is approxi-
mately given by Cp; = 26(2) pF. To our opinion, this value is

This journal is © The Royal Society of Chemistry 2014
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in between that for bulk and grain boundary response; we
tend to interpret it as a bulk response which is already affected
by the surface-influenced volume of our nanocrystalline
sample.

Lastly, almost the same values for C; can be determined
from the Nyquist plots if two RC-circuits connected in series
are simply used to analyse the complex plane data. According
to the maximum condition @, RC = 1, with @,. = 27, the
capacities are 5(1) pF and 40(5) pF, respectively. Furthermore,
the conductivities, calculated from the resistances Rp; and Rp,
of the intercepts with the Z-axis, confirm the values deter-
mined from the ¢'(v) isotherms (see the two lines in Fig. 3 con-
necting the filled circles of plateau P1 and P2, respectively).
Thus, as mentioned above, compared with the results from
BaMgF, single crystals, even after soft annealing of the freshly
prepared sample in the impedance cell in situ, ion transport is
somewhat enhanced in the nanocrystalline form (see (red) dia-
monds in Fig. 4(a)).

Conclusions and outlook

Polycrystalline BaMgF, was successfully synthesized via a one-
pot mechanochemical route. Apart from structural characteri-
zation by X-ray diffraction, '’F MAS NMR spectroscopy was
employed to directly track the local magnetic changes around
the F spins. NMR indicates a reaction mechanism that initially
involves the incorporation of MgF, into the cubic structure of
BaF, which finally transforms into the desired product viz
orthorhombic BaMgF,.

Conductivity spectroscopy and permittivity spectroscopy as
well reveal two distinct ion transport processes. The associated
capacities as estimated from the corresponding Nyquist plots
may be interpreted as electrical responses originating from the
bulk and grain boundary affected regions. Absolute conductivities
of the two processes differ by a factor of approximately ten; this
trend is in line with the corresponding activation energies of
the two processes, 0.81 eV vs. 0.88 eV. Thus, from a micro-
scopic point of view the underlying ion hopping processes
might be very similar. If compared with previous measure-
ments on single crystals of BaMgF,, ionic conductivity probed
here resembles that being characteristic along the c-axis; ion
dynamics along the b-axis is reported to be much slower.

Most importantly, if analysed in terms of Jonscher expo-
nents, the frequency dependent conductivity measurements
point to low-dimensional ionic conduction even in the nano-
crystalline form of BaMgF,. Relatively small exponents have
also been presented in the literature for, e.g., sodium ion con-
duction in beta-alumina showing 2D diffusion.

In order to investigate the origin of the different conduction
processes of our nanocrystalline material, the influence of sin-
tering on both grain growth and ion dynamics will be the
subject of further studies. These will also include 'F NMR
relaxometry in both the laboratory and in the rotating frame of
reference to throw light on F ion dynamics taking place on
different length scales.

This journal is © The Royal Society of Chemistry 2014
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5. RESULTS AND DISCUSSION

54  Areview on mechanochemically synthesized F-ion conductors

The results and the conclusions that were drawn for the individual materials treated
in this work were not only summarized in this thesis, but also in a short review-article
that is given as a manuscript below. It is considered as a brief but comprehensive publi-
cation that thoroughly compares the obtained results with literature data and thus pro-
vides an overview and orientation in the field of mechanochemically synthesized F-ion
conductors. The article further contains information about the applications of solid state
NMR relaxometry and broadband impedance spectroscopy to characterize diffusion pro-
cesses in solid ion conductors and outlines the analysis of the acquired data. In addition,
MAS NMR spectroscopy is presented as a powerful, complementary technique to X-ray

diffraction for the structural investigation of inorganic solids.
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The performance of new sensors or advanced electrochemical energy storage devices strongly depends on the active materials
chosen to realize such systems. In particular, their morphology may greatly influence overall macrospioc properties. Many times,
however, current limitations in classical ways of chemical preparation routes hamper the development of materials with tailored
properties. Fortunately, such hurdles can be overcome by mechanochemical synthesis. The versatility of mechanosynthesis allows
the provision of compounds that are not available through common synthesis routes. Mechanical treatment of two or three starting
materials in high-energy ball mills enables the synthesis not only of new compounds but also of nanocrystalline materials with unu-
sual properties such as enhanced ion dynamics. Fast ion transport is of crucial importance in electrochemical energy storage. Im-
portantly, mechanosynthesis also provides access to metastable phases that cannot be synthesized by conventional solid state syn-
thesis. Ceramic synthesis routes often yield the thermally, i.e., thermodynamically, stable products rather than metastable com-
pounds. In this review we report about mechanochemical synthesis of nanocrystalline fluorine ion conductors that serve as model
substances to understand the relationship between local structures and ion dynamics. While ion transport properties were comple-
mentarily probed via conductivity spectroscopy and nuclear magnetic relaxation, local structures of the phases prepared were in-
vestigated by high-resolution °F NMR spectroscopy carried out at fast magic angle spinning. The combination of nuclear and non-

nuclear techniques also helped us to shed light on the mechanisms controlling mechanochemical reactions in general.

Introduction

A chemical reaction which is induced by the ab-
sorption of mechanical energy is called a mechano-
chemical reaction. It constitutes its own class of
chemical synthesis routes. Chemical reactions are
usually driven by other sources of energy such as
heat, light or by the difference in electrochemical
potentials of the materials involved, i.e., through
electric energy.

Mechanochemistry offers access to nanocrys-
talline compounds and metastable phases that are
often characterized by non-equilibrium structures.
In many cases these materials cannot be obtained
through conventional approaches such as solid
state synthesis which require high sintering tem-
peratures, for example. Compared to other prepa-
ration routes, mechanosynthesis, e.g., when car-
ried out in high-energy planetary mills, represents
a highly versatile way of synthesis that benefits
from its facile realization and so-called one-pot
conditions. This advantages as well as the possibil-
ity to prepare materials with yet inaccessible prop-
erties led to a rapid increase of applications of

mechanochemical techniques. In particular, this
growing interest is highlighted by the increasing
number of publications reporting on mechano-
chemical reactions as well as by several compre-
hensive reviews that appeared over the last couple
of years.13 While recent reviews focused on, e.g.,
the synthesis of non-equilibrium oxides, the pre-
sent one puts emphasis on the preparation of inor-
ganic, nanocrystalline fluorides, i.e., ternary and
quaternary ionic conductors, in particular.

Besides the effect of nanostructuring, the im-
pact of mechanical stress yields materials with a
high concentration of defects and a large volume
fraction of so-called interfacial regions anticipated
to be structurally disordered. In the case of Lit and
F- ionic conductors defects are necessary to facili-
tate both self-diffusion and long-range ion
transport. From an application point of view, fast
ion conductors are urgently needed to develop
powerful electrochemical sensors or energy stor-
age devices that may also take advantage of fluo-
ride as the main ionic charge carrier. In this regard,
mechanosynthesis has also been employed for the
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Fig. 1: a) What happens during mechanical treatment? An overview of the complex processes simultaneously taking place during high-energy ball

milling. Most importantly, defects are introduced that will significantly govern the properties of the final nanocrystalline and structurally disordered

product. b) Possible defect structures generated in crystalline solids treated mechanically.

direct synthesis of current electrode materials for
lithium-ion batteries.*”

For the characterization of materials synthe-
sized via mechanochemical routes, nuclear mag-
netic resonance (NMR) techniques and impedance
spectroscopy have proven as powerful tools to in-
vestigate both ion dynamics on short-range as well
as long-range length scales. Considering local struc-
tures, high-resolution solid-state NMR under the
condition of very fast magic angle spinning (MAS)
can be used to follow possible microstructural
changes taking place as a function of milling time.

Mechanochemically Induced Changes: What Happens
During High-Energy Ball milling?

First results on mechanochemically induced re-
actions were reported by Wilhelm Ostwald, Mi-
chael Faraday and Carey Lea.? ° Lea carried out sys-
tematic investigations on silver halides upon expo-
sure to light or mechanical force, which finally led
to the differentiation of mechanochemistry as a
separate branch in chemical synthesis. Initially this
phenomenon was discovered in the area of inor-
ganic, solid state chemistry, but applications of this
method spread on many other fields of applications
including biomaterials, metal organic frameworks,
catalysts, organics and pharmaceuticals, in par-
tiular.2. 8 10

In terms of solid state chemistry, such as the
synthesis of nanocrystalline fluoride ion conductors
under dry conditions, the goings-on during me-
chanical treatment can affect the starting material
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in two different ways: (i) altering the defect struc-
ture without any chemical reaction induced, i.e.,
conserving the initial crystal structure and (ii)
changing the crystal chemical structure by chemical
reactions, i.e., inducing a structural conversion by
breaking and forming chemical bonds.

Figure 1 provides an overview of the possible
macroscopic and microscopic structural changes
taking place during severe high-energy ball mill-
ing.11 Shear, friction and impact forces lead to abra-
sion and fracture of the solid particles into smaller
ones. This drastic reduction in crystallite size —
usually the mean crystallite size reached after some
hours of milling is in the order of 20 nm — results
in a high ratio between the remaining bulk material
and the structurally disordered surface-near re-
gions.12 The bulk regions of a mechanosynthesized
phase, however, are also expected to differ from
those of the starting material since mechanical im-
pact does not only introduce structural disorder in
the boundary layers but also generates defects and
dislocations in the interior of the small crystallites.

From the point of view of ion dynamics those
ions which are located in or near these interfacial
regions often move much faster than those in the
bulk material. In favourable cases the quickly jump-
ing ions can be revealed by NMR line shape studies
(Figure 2).13 In particular, this has been demon-
strated for single-phase nanocrystalline Li;O and
the two-phase composites Li;0:X;03 with x=Al,
B.1416 |n the latter, the compaction of two nano-
crystalline materials, an ion conductor and an ionic
insulator, lead to an interfacial network of homo-

contacts (Li»O:Li,0) and hetero-contacts
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Fig. 2: 7Li NMR spectrum of nanocrystalline Li,O prepared by high-en-
ergy ball milling. The line is composed of two contributions reflecting
the slow and the fast ions in either the bulk or in/near the interfacial
regions. Figure taken from Ref. 13.

(Li20:X503), see Figure 3 for comparison. Compared
to the situation in the bulk regions of nano-Li,O the
two-component interfacial regions provide fast dif-
fusion pathways in their vicinity.1* The same is an-
ticipated in other dispersed ion conductors such as
Lil-Al,03 which was the first example of its class.l”
Other nanostructured ion conductors?8 1° also ben-
efit from so-called non-trivial size effects that are
based on the formation of space charge zones2®
which in some cases influence the dynamic proper-
ties of the whole nanocrystallite, i.e., its interior
regions. Maier introduced the term artificial ion
conductor to describe the electrochemical situation
created in nano-ionics.2% 22

Apart from ion dynamics, the element distribu-
tion in grain boundary regions might be different
from that in the bulk state. In particular, this holds
for non-equilibrium compounds as described by Se-
pelak et al.:2 the inhomogeneous distribution of
cations in the grain boundaries is referred to me-
chanical treatment. The authors presented detailed
analysis techniques for such non-equilibrium phe-
nomena in oxides.

The second aspect of mechanochemistry is the
direct conversion of the reagents into the desired
product without the need of any further processing
or purification steps. As mentioned above, it is fea-
sible to prepare materials which are not accessible
through conventional synthesis techniques such as
thermochemistry, precipitation techniques or sol-
gel methods. Worth mentioning, such metastable
phases allow to overcome miscibility gaps giving
rise to solid-solutions being characterized by an en-
hanced concentration of vacancies, interstitials or
other defects that are necessary to enable high
ionic conductivities.?3

The underlying reaction mechanism of a mech-
anochemical synthesis is still under discussion. Be-
sides the various mirostructural changes taking

x=0.5

-40 -20 0 20 40
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Fig. 3: 7Li NMR spectra of the nanocrystalline composite
xLi;0:(1-x)Al,03, a) x = 0.2, b) x = 0.5, and c¢) x = 0.8. The more hetero-
contacts per formula unit of Li,O are formed, the larger the fraction of
the motionally narrowed NMR line superimposing the broad main sig-
nal. Fig. adapted from Ref. 13.

place, localized reactions induced by heat and pres-
sure are anticipated to lead to the final conversion
of the starting material. In contrast to any high tem-
perature solid state reaction, where the entire ma-
terial is heated to a certain temperature, a mecha-
nochemical reaction is thought to occur at localized
spots where the material is stressed by the milling
tools. Boden, Tabor and Yoffe proposed a ‘hot-spot
theory’ that suggests temperatures as high as
1000 K for a time period of 10~ to 103 s due to fric-
tion at surfaces of about 1 um2.2426 The magma-
plasma model predicts even higher temperatures
of up to 104 K and a molten-like state of the reac-
tants in the impact zone of the particles.?”

The common finding in both theories is a local-
ized development of thermal energy that promotes
the solid state reactions. As the reactants are thor-
oughly mixed on the nm-scale, the diffusion path-
ways between the reactants are some orders of
magnitude smaller compared to um-sized grains.
For such a localized reaction, the energy delivered
by mechanical treatment might be sufficient to
completely convert the starting materials into a
new product. As an example, for the synthesis of
BaMgF,, as is presented below, a quantitative reac-
tion in a planetary ball mill required extremely high
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ation rate 1/T;: the higher the diffusivity the more the peak is sifted towards lower T. The flanks yield activation energies reflecting local (Ea, 1ow) and
long-range ion dynamics (Ea, hign). d) Structural disorder results in asymmetric rate peaks with a lower slope in the low-T regime. Dimensionality effects

influence the NMR rates at higher temperatures only.

rotational speeds.2® The fact that the overall tem-
perature inside the milling beaker is much lower
compared to high temperature solid state methods
represents a clear advantage. At low temperatures
the transformation of the products into thermody-
namically stable phases is suppressed; for example,
this concerns phase separations of usually immisci-
ble solids. Hence, mechanosynthesis enables in-
deed a powerful method to prepare highly meta-
stable, i.e., non-equilibrium compounds.

Characterization Techniques: X-Rays, Spins, Charge
Carriers

For the characterization of (nano-)crystalline
materials, diffraction techniques such as X-ray pow-
der diffraction (XRPD) are commonly employed to
determine the crystal structures. Mechanochemi-
cally synthesized materials, however, often show
patterns that deviate from single crystalline or
coarse grained materials. Broadening of the reflec-
tions due to extremely small mean crystallite sizes
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leads to overlapping of the reflections or hides im-
purities and secondary phases. In addition, the sig-
nals can be shifted because of variations of the
mean lattice parameters. Moreover, they can show
different intensities which complicates a certain de-
termination of the product. The milling process
may also yield amorphous fractions lacking in peri-
odicity in order that they cannot be identified by X-
ray diffraction methods.

To overcome the drawbacks of X-ray diffraction,
solid state NMR is the method of choice to uncover
amorphous components and to collect information
on local magnetic and electric fields at the nuclear
sites. In particular, NMR is able to determine poly-
hedra distortions being a result of mechanical im-
pact. In general, local distortions as well as out-
spread structural disorder can also be regarded as
a metastable state of the product obtained. 1°F
NMR benefits from the excellent receptivity of the
fluorine nuclei. The good sensitivity as well as fast
spin-lattice relaxation of the 1°F nuclei due to rela-
tively strong dipole-dipole interactions results in



short acquisition times further underlining the ad-
vantages of the 1°F NMR spectroscopy. In order to
achieve high resolution in the solid state magic an-
gle spinning (MAS) is applied. With current NMR
probes spinning speeds as high as 100 kHz are avail-
able. Since NMR spectroscopy senses the magnetic
environment of each nucleus it is also applicable to
amorphous compounds (see below). Thus, it is a
valuable tool to help identify by-products or impu-
rities that remain unresolved or as such invisible by
XRPD. Fortunately, MAS NMR does not require spe-
cial sample preparation methods; air sensitive ma-
terials can be filled into the desired rotors using a
drybox with inert atmosphere. Fluorine NMR, in
particular, benefits from a very broad chemical shift
range with the result that the individual signals can
be well distinguished and, later, assigned to the
crystallographic positions.

Besides structural characterisation via XRPD
and NMR on both the macroscopic length scale and
the angstrom lengths scale, ion transport proper-
ties of mechanosynthesized compounds are of par-
ticular interest since they may be largely different
from those of their coarse-grained counterparts.
Taken together, broadband impedance spectros-
copy and solid-state time-domain NMR techniques
are powerful tools that enable a complementary
characterization of ion dynamics by sensing the
hopping processes on different time scales. In
terms of jump rates the accessible dynamic window
ranges from the Hz to the GHz regime
Complex conductivities and dielectric permittivi-
ties, if measured over a wide frequency range, con-
tain valuable information on ion hopping dynamics
taking place on different length scales. In general,
average hopping barriers are available from varia-
ble-temperature experiments when analysing the
results in the frame of the law of Arrhenius, i.e., by
plotting, e.g., log(o’T) vs the inverse temperature
1/T; o’ denotes the real part of the complex con-
ductivity. Nyquist diagrams, which are obtained
when the real part (Z’) of the complex impedance is
plotted vs the imaginary part (Z”’), and the analysis
of modulus peaks M’’ are helpful to distinguish bulk
from grain boundary contributions to the total con-
ductivity. Of course from the various representa-
tions of impedance data (see Figure 4) electrical re-
laxation rates can be deduced that can be used to
compare with results from other micro- and macro-
scopic techniques.

In many cases NMR relaxometry and NMR ex-
change spectroscopy are able to complement
broadband impedance studies. For example, time-
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Fig. 5: Crystal structure of layer-structured BaSnF, which belongs to
the fastest F anion conductors known.

domain NMR spin-lattice relaxation measure-
ments,2% 30 if performed in the so-called low-T
range of NMR relaxometry, are sensitive to short-
range ion dynamics that are usually accessed by AC
impedance spectroscopy carried out at sufficiently
high frequencies. This regime in NMR relaxometry
is characterized by jump rates 1/t that are much
lower than the Larmor frequency applied to carry
out the experiment. If we assume an irregularly
formed potential landscape the jumping ion is ex-
posed to, the method senses local jumps of the ions
between neighbouring sites in the crystal lattice
connected by low energy barriers. In this regime
the relaxation rate is also sensitive to correlation ef-
fects such as structural disorder and Coulomb inter-
actions of the hopping ions.29 31

At higher temperatures, this is the regime
where the mean jump rates exceeds the angular
Larmor frequency wy, the spin-lattice relaxation
rate is sensitive to long-range ion dynamics. This is
because during the time interval 1/wo the ions per-
form many jumps that can be sampled. These hops
may also include jump processes where the ions
have surmount higher energy barriers. Provided all
diffusion processes present contribute to the spin-
lattice relaxation rate, the activation energy de-
duced from measurements in this T-range is com-
parable with that of DC conductivity measure-
ments. In the case of low-dimensional diffusion, the
NMR rates are expected to depend on the Larmor
frequency applied. Moreover, the slope of the re-
spective flank is lower than in the case of 3D motion
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Fig. 6: Crystal structure of the inverse perovskite BaliF, the smaller Sr-
atoms in (Ba,Sr)LiF; occupy the same sites as Ba. This leads to lattice
contraction and local distortions affecting fluorine ion dynamics. Fig.
adapted from Ref. 54.

for which no frequency dependence should be ob-
served.?? 32

If dynamically distinct processes are stepwise
activated with increasing temperature, NMR is able
to identify these: if widely separated on the dy-
namic time window they should show up as multi-
ple relaxation rate peaks in an Arrhenius diagram.33
The maxima allow an almost model-independent
estimation of mean jump rates by means of the
maximum condition linking we and 1/t: wet~ 1.2° A
thorough analysis, however, would require a spe-
cific relaxation model to interpret the data further,
e.g., in terms of diffusion pathways the ions chose.
As mentioned above, if the number density of spins
in the interfacial regions is large enough, as it is the
case for nanocrystalline ceramics, NMR is able to
separately probe ion dynamics of the ions residing
in or near these zones.

Applications in Electrochemical Energy Storage

The aforementioned aspects of mechanochemistry
makes it a highly promising method to prepare ma-
terials useful in electrochemical energy storage, in
particular. Besides electrochemical stability, ionic
conductivity belongs to the key parameters of a
good solid electrolyte. The electrolyte is the region
that should guarantee extremely fast ion exchange
between the two electrodes of a battery.

The same applies to electrode materials as well,
both fast ion dynamics and fast insertion kinetics
crucially determine the performance of a battery,
i.e., to accept (ultra-)high charging rates being nec-
essary for today’s portable electronics or electric
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Fig. 7: 19F MAS NMR spectrum of Bag 74Sro 26LiF3 revealing the individual
NMR signals of the different environments of the F ions. Since in BaLiF3
the F sites are magnetically equivalent only a single signal shows. De-
pending on the number of Sr atoms in the direct vicinity of the °F nu-
cleus the chemical shift ranges from 70 to 32 ppm. Reprinted from Ref.
51.

10 nm 10 nm

Fig. 8: High-resolution TEM image of nanocrystalline (Ba,Sr)LiF; directly
obtained by high-energy ball milling. The enlargement (B) reveal struc-
turally disordered regions at the grain boundaries. Reprinted Ref. 51.

vehicles, for example. At last, facile and environ-
mentally friendly preparation methods are needed
abandoning hazardous chemicals.

As an example, electrode materials for re-
chargeable Li-ion batteries with aprotic liquid elec-
trolytes were prepared by mechanochemical syn-
thesis by Liao et al., who tested LiFe,Fg as an inter-
calation compound.> A similar approach to use
NasFeFs as cathode material in Na-ion batteries was
reported by Shakoor and co-workers.* In terms of
solid state batteries, the fast Li* conducting electro-
lyte LizP3S11 can be obtained through ball milling of



Li,S and P,Ss followed by a soft annealing step to
yield a crystalline product.® 7

Research on anion conduction in solids has a
long tradition; it was initiated by an experiment of
Michael Faraday in 1834. In his experiments Fara-
day observed electrical conductivity of lead fluoride
(PbF;) at high temperatures. Around 1975 Schoon-
man, Kennedy, Hunter and others34 report on first
results to prepare solid-state electrochemical cells
based on F ion chemistry. The large change in free
enthalpy in reactions of fluorine with metals and
the potentially high voltage in a battery encouraged
researchers to prepare a rechargeable cell based on
F ion chemistry in 2011.3> One significant drawback
of the system, however, was the low mobility of F
ions at ambient temperature which triggered re-
search to develop fast solid fluorine ion conductors.

Case studies: lon diffusion in mecha-
nosynthesized complex fluorides

The small size and the single negative charge ena-
ble F anions to quickly move in solids. To date, MF,-
SnF, (M = Pb, Ba) systems are considered as the
fastest F~ conductors.36:37 This is attributed to their
layered structure which is the consequence of or-
dering effects of the cations, see Figure 5 . Cation
ordering is caused by the steric demand of the un-
paired electrons of the Sn atoms.3% 3% PbSnF, and
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Fig. 9: Overview of the ionic conductivities of several BaF,-derived com-
pounds. Ball milling of coarse-grained BaF, yields a nanocrystalline sam-
ple which shows a conductivity that is almost two orders of magnitudes
higher compared to the non-milled material. lon conductivity can be
further improved by mixing BaF, and CaF, yielding a non-equilibrium
phase taking advantage of local disorder and strain introduced when
missing cations of different sizes. The highest values are found for
Bagelap4Fa4, which was studied by NMR relaxometry in detail, see
Fig. 6.

BaSnF, can be prepared by means of solid state syn-
thesis at high temperatures;*0-42 alternatively, the
ternary fluorides can be synthesized by mechano-
chemical means as well.4245 |n the case of BaSnF,,
the highest conductivity was reached if a mechano-
chemical milling route was chosen.*2 4> The same
holds for SnF;: if treated in a high-energy ball its
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Fig. 10: a) Cubic crystal structure of (Ba,Ca)F,. b) Variation of conductivity and activation energies for Ba,Ca;-,F, samples mechanically prepared by
milling the starting materials for 6 h and > 24 h in a planetary mill. c) 1°F MAS spectra revealing the local magnetic environments sensed by the F
anions. The maximum in structural disorder is reached if x = 0.5. b,c) reprinted from Ref. 52.
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Fig. 11: a) F anion dynamics in BageLag.4F,.4 as seen via NMR relaxometry. The rates 1/T; and 1/Ty, are sensitive to different ionic motions. The same

holds for T, which refers to the transversal decay of magnetization. Most importantly, the 1/7,,(1/T) peak can be understood as a superposition of a
range of sub-peaks that reflect dynamically distinct diffusion processes occurring in the same temperature range. Presumably, the distribution of

activation energies found, i.e., the heterogeneous dynamics seen, results from local structural disorder introduced by mixing the Ba2* and La3* cations

that differ in size and charge. b) °F NMR lines of for BagglagsF2.4. At low temperatures, the exchange between the individual F ion positions in the
crystal is ‘frozen’ in so that the different environments appear as a superposition of several processes comparable to the relaxation data in Fig. 6.

Figure taken from Ref. 49.
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Fig. 12: a) Conductivity isotherms of BagsLag4F2.4 measured at frequencies ranging from 10 mHz up to 3 GHz. At frequencies above 100 MHz
the individual isotherms collapse on a high frequency-plateau that show localized motions of the mobile charge carriers. The ions perform

forward-backward jumps due to the short time scale at such frequencies. The chemical environment cannot adjust as fast and the process is

almost independent of temperature. b) Arrhenius diagram highlighting DC and AC conductivities determined from data of the real part of the
conductivity (c') in the DC regime and at 281 MHz. The latter frequency is similar to the NMR Larmor frequency used to acquire the relaxation

rates. Figure taken from Ref. 49.

conductivity can be increased by almost two orders
of magnitude.4®

Unfortunately, SnF,-based fluorides are highly
reactive, i.e., unstable under electrochemical con-
ditions complicating practical applications. Metals
from the early groups of the periodic table are con-
sidered as more stable and usually possess only one
oxidation/reduction state. Usually, the conductivity
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of these metal fluorides in the form of single crys-
tals or polycrystalline materials is relatively low. It
can be enhanced, however, by changing the mor-
phology of the materials, e.g., via nanostructuring
including both bottom-up and top-down ap-
proaches such as milling.4”

In order to increase the number of defects alio-
valent doping can be used to facilitate ion dynam-
ics. As an example, mixtures of BaF, and LaFs have



been extensively studied over the past years. 2335
48,49 SrF, represents another substituent to manip-
ulate ion transport in LaF3°% to the best of our
knowledge, such samples have, however, not been
prepared mechanochemically as yet. In the follow-
ing we will present case studies*”- 495153 jncluding
iso- and aliovalent ion-mixed compounds such as
BaixSryLiF3, Baj.xCaxF2 and Bai.4LaxF,.x. Special em-
phasis will be put on the interplay of (local) struc-
tural effects with hopping ion dynamics. Whenever
possible comparisons between mechanosynthe-
sized and conventionally prepared materials are
drawn.

The Inverse Perovskite (Ba,Sr)LiFs

Joint milling of cubic BaF, and LiF results in
phase BaliFs crystallizing with the inverse perov-
skite structure (Figure 6). If BaF, is partially re-
placed by SrF, a mixed compound is formed,
Ba1«Sr«LiFs, (x can reach values of up to 0.3) that
decomposes at elevated temperatures (393 K).
Thus, it cannot be prepared by thermochemical
routes. Above x >0.32, X-ray reflections of pure
BaF; and SrF, appear in the X-ray pattern indicating
the upper limit of miscibility. Interestingly, a com-
parative XRPD and 1°F NMR study showed that the
mechanochemical reaction proceeds stepwise,
starting with the formation of BalLiFs; with subse-
quent incorporation of Sr?* into the ternary fluo-
ride.>! 19F MAS NMR turned out to be extremely
helpful to reveal the local chemical environments
of the F nuclei and to unravel the formation mech-
anism of the quaternary compound.

As an example, in Figure 7 the °F MAS NMR
spectrum of mechanosynthesized Bag 74Sro.26LiF3 is
shown. Whereas Sr-free BaliFs is characterized by a
single NMR line,>* that of earth-alkaline mixed
Bag.74Sro.26LiF3 is composed of 5 signals represent-
ing the different [Sr]s[Bal, configurations formed
(a+b = 4, a,b € N U [0]). Note that in the inverse
perovskite structure Ba- and Sr-ions occupy the cor-
ner-positions of the cubic unit cells. The face cen-
tred fluorine ions span octahedra that host the lith-
ium ions. The more Srions reside in the direct vicin-
ity of 19F the more the isotropic NMR chemical shift
value i, is shifted towards positive ppm values as
isillustrated in Figure 7. As an example, for the [Sr]s
environments in Bag74Sro.26LiF3 8iso = 32 ppm is ob-
tained. The areas under the NMR lines, which can
be well resolved at spinning speeds as high as 60

kHz, reveal the cation distribution in
Bao.74Sro.26LiF3.51

Since Sr2* is smaller than Ba2* its incorporation
into the BalLiF; lattice leads to a reduction of the lat-
tice constant with increasing Sr content. Hence, the
formation of Baj.,SrkLiF3 can be followed by the
shift of the XRPD reflections of BaliFs; towards
larger diffraction angles. The variations in chemical
environments for each fluorine site results in an ir-
regular potential landscape with a distribution of
local energy barriers. Obviously, such a distribution
facilitates F anion hopping since higher conductivi-
ties are reported for the mixed compounds as com-
pared to Sr-free BaLiFs.5! In addition to local strain
throughout the bulk structure, disordered regions
may be found near the interfacial regions in nano-
crystalline Bai.,SryLiF3. While the interior of the
nanocrystallites reveal an ordered structure, the
surface regions are affected by dislocations, as it is
shown by the TEM images in Figure 8.51

Fluorides Crystallizing with Cubic Symmetry:
(Ba,Ca)F;

BaF, and CaF; do not form a solid solution by
high temperature synthesis routes. This observa-
tion is due to the large difference in ionic radii of
Ba2* (1.42 A) and Ca?* (1.12 A). The formation of
BaxCa;-xF2, however, can be forced by treating the
fluorides in a high-energy planetary ball mill (see
Figure 9).47-53 Isovalent mixing yields a metastable
ternary fluoride with cubic symmetry (Figure 10 a))
whose ionic conductivity is by about two orders of
magnitude higher than that of nanocrystalline,
pure BaF,.52 lon conductivity values derived from
impedance spectroscopy are in the order of 1.16 x
10°S/cm at 413 K, see also Figure 10 that shows the
variation of conductivity with x .

If a mixture of BaF, and CaF; is milled suffi-
ciently long in high-energy ball mills, the XRPD une-
quivocally reveals the formation of a (Ba,Ca)F; solid
solution.>2 This results in complex 1°F MAS NMR
spectra being composed of several NMR lines asso-
ciated with the [Ba],[Ca], environments formed
(see Figure 10 c)). Differential scanning calorimetry
measurements showed that the compound pre-
pared is stable up to ca. 680 K.53 In contrast, lantha-
num fluoride forms a stable solution with BaF,. As
an example, ionic conductivity in BagsCapslao2F2.2,
which was prepared under almost the same turns
out to be very similar compared to BagsCapsFa. In
both cases CaF; starts to segregate at high temper-
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atures causing the conductivity to drop off. Inter-
estingly, XRPD gave no indications for any LaF; that
was precipitated at higher T. Thus, the lower con-
ductivity is attributed to crystallite growth, struc-
tural relaxation processes including the ‘healing’ of
defects.

Fluorides with Tysonite Structure: BasxLaxF2.x

BaF; and LaFs are miscible in almost any molar
ratio and form stable solutions up to high tempera-
tures which enables thermal as well as mechano-
chemical syntheses routes. The benefit of mecha-
nochemistry, however, is the creation of defects
necessary to yield higher conductivities compared
to the highly ordered, crystalline counterparts.
Bao.sLao.aF2.4, which shows the highest conductivity
among the BaixLaxF2.x solid solutions,23 was chosen
as a model substance to study ion dynamics by both
NMR (see Figure 11) and impedance spectroscopy
(Figure 12).4°

Mechanosynthesized BageslaoaF2.4is character-
ized by broad XRPD reflections pointing to struc-
tural disorder and strain introduced during its prep-
aration.23 49 Static 1°F NMR line shapes support this
finding; besides dipolar broadening the lines rec-
orded can be understood as a superposition of
many lines representing the variety of magnetically
distinct F environments. Variable-temperature
NMR measurements, including line shape studies
and relaxation measurements, as well as conductiv-
ity measurements reveal complex ion dynamics.
Depending on the time scale the NMR method ap-

plied is sensitive to, activation energies obtained
a)

-1

c¢'/Scm
-
o
T

107 10°  10° 10" 10°
v/Hz

range from 0.16 eV to 0.44 eV. In particular, the
presence of several hopping processes is high-
lighted in the Arrhenius diagram of Figure 11 that
summarizes NMR relaxometry data on mechano-
synthesized Bagglag4F2.4. While with T; NMR meas-
urements only the low-T flank of the diffusion-in-
duced rate peak is accessible, the analogous rate
1/T,, passes through a maximum; the correspond-
ing peak is, however, unusually broad on the 1/T
axis. It directly reflects a wide distribution of ion
jump processes occurring on a very similar time-
scale. Compared to DC conductivity measurements,
NMR relaxometry is a probe to uncover local jump
processes, i.e., it is possible to reveal the low en-
ergy barriers of an irregularly shaped potential
landscape the ions have to surmount.

For comparison, conductivity spectroscopy, if
DC plateau values were considered, points to a
mean activation energy of 0.57 eV (Figure 12) being
a typical value found for migration processes that
are mainly driven by anion vacancies.>> On the
other hand, analysing AC conductivities recorded at
frequencies similar to the NMR Larmor frequency
yield activation energies being in agreement agree
with those extracted from NMR (Figure 12 b)). At
high frequencies o’ is sensitive to local (forward-
backward) jumps, i.e., both methods are able to ac-
cess dynamic parameters on the same time scale.
This similarity is also valid in the regime of very low
T: the responses of the two spectroscopic tech-
niques indicate the presence of strictly localized,
within-site motions. The latter observation points

‘ MgFg unit

Fig. 13: a) Conductivity isotherms of mechanosynthesized BaMgF, in a one-pot route. The slope of the isotherms at higher temperatures was close to
0.3 which is associated with low dimensional (1D) transport. b) Crystal structure of BaMgF,: the corner sharing MgFe-octahedra form a diffusion path-

way along the c-axis. Kannan et al. investigated oriented single crystals and reported on the highest conductivity along the c-axis. Figures taken from

Ref. 28.
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Fig. 14: Comparison of the information obtained from a) X-ray powder diffraction and b) '°F solid state MAS NMR. The residual starting materials

cannot be identified by XRPD (a) but were identified by MAS NMR. The latter one was used to follow the synthesis procedure, which was finished after

three hours, as no noteworthy amounts of pure BaF, or MgF, could be identified any longer. Figures taken from Ref. 28.

to a highly irregular distribution of energy barriers
in mechanosynthesized Bapslao.4F2.4.%°

Channel-Structured Fluorides: BaMgF,

Besides the formation of structurally disordered
solid solutions taking advantage of aliovalent and isova-
lent ion mixing, mechanosynthesis can be used to pre-
pare functional materials with remarkable purity.
BaMgF4, which is a channel-structured ternary fluoride,
is accessible via mechanical treatment under extremely
harsh conditions, i.e., at very high rotation speeds.28 lon
transport is influenced by the spatial confined of the
crystal structure. BaMgF, crystallizes in the orthorhom-
bic Cmc2; structure and consists of strands of corner-
sharing MgFs-octahedra that are separated by Ba-ions.
These MgFs-octahedra run in parallel with the c-axis of
the unit cell and provide a 1-dimensional pathway
which is preferred for the conduction of F-ions (see Fig-
ure 13).56

The material, which usually requires high tem-
peraturesto be synthesized from a mixture of BaF,
and MgF,,%% could be prepared in a planetary ball
mill at rotation speeds as high as 1000 rpm.28 At
lower rotation speeds the synthesis remains unsuc-
cessful. We attribute this finding to the strong heat
development at the contact region of the milling
media (balls/beaker walls) that induces the solid
state reaction finally yielding BaMgF, as the only
phase.

The synthesis was followed by XRPD and 1°F MAS
NMR spectroscopy which is presented in Figure
14.28 Switching off the mill after immediately inter-
rupts the synthesis process; hence, the evolution of
the product can directly be followed as a function
of milling time. Interestingly, whereas the XRPD
patterns recorded only show reflections of the
product formed, °F MAS NMR reveals a high
amount of the starting materials, MgF, and BaF,,
still being present. Again, this demonstrates the
benefits if both methods are used in combination.
The increase of the signal intensity in the X-ray
powder pattern at low diffraction angles points to
amorphous material that could be attributed to
MgF,. Indeed, non-reacted MgF; is clearly visible in
the corresponding °F MAS NMR spectrum, but is
missing or superimposed by the signals of the prod-
uct in X-ray diffraction. The signal of BaF; is also
likely to be hidden under the broad XRPD reflec-
tions of the product. After milling the mixture for
three hours the °F MAS NMR lines attributed to the
starting materials completely vanished; according
to NMR, at this stage the reaction is completed.

As expected, the MAS NMR spectra show four
different lines each representing one of the mag-
netically non-equivalent F sites in BaMgF4. The lines
partly overlap as a result from local disorder intro-
duced during milling. For comparison, thermo-
chemical approaches or post annealing of the prod-
uct yields well separated signals due to grain
growth and healing of defects.>”

| 11



Worth noting, conductivity spectroscopy indeed in-
dicates a quasi-1-dimensional migration pathway
the ions chose to jump over long distances.28 In
general, low-dimensional ion transport influences
the power law exponent k describing the dispersive
region of the conductivity isotherms (see Figure 4).
In the present case, the low k values of approxi-
mately 0.3 (see the isotherms shown in Figure 13
a)) indeed point to F anion migration along the
aligned corner-sharing MgFe units. This finding is in
agreement with the results of Kannan et al. who in-
vestigated BaMgF, single crystals.>®

Two-Dimensional lon Conduction: Layer-structured
BaSnF,

Besides using mechanochemistry to prepare
defect-rich materials, it is also a valuable tool to
mechanically activate the reactants: the final prod-
uct is only obtained after a subsequent annealing
step. If heat treatment is carried out in a moderate
way, defects may be frozen, i.e., partly preserved.
The residual defects are anticipated to greatly gov-
ern ion transport even in the annealed samples
characterized by larger grains. Tetragonal, layer-
structured BaSnF, represents such an example.

BaSnF; is one of the fastest F anion conducting
materials known today.3” Similar to BaMgF,, it
shows anisotropic conduction characteristics. This
behaviour is related to the alternating double-layer
structure of BaSnF, yielding three different types of
interlayers built up of either Ba-Ba, Ba-Sn, or Sn-Sn
cations. The F anions are distributed between these
cation layers with each showing different diffusion
characteristics depending on the surrounding cati-
ons. Because of the highly ordered environment
one can distinguish between fluorine ions located
close to Sn-ions or close to Ba-ions. At room tem-
perature, two spin reservoirs were found by 1°F
MAS NMR spectroscopy, see the work by Grey and
co-workers.3® The anions which are distributed in
the more rigid Ba-Ba interlayer do not exchange
very much with those in the neighbouring Ba-Sn
layer; the ions residing in the Ba-Sn layer are the
most mobile ones. As was shown for PbSnF4 com-
pounds,>8 the occupation of fluorine ions in the Sn-
Sn layer is rather low. This observation can be ex-
plained by the steric demand of the lone-pairs of
the Sn ions.>8 Similar anisotropic properties, which
will largely affect ion dynamics, are also expected
for BaSnF,.

Considering ionic conductivity, the values for
mechanochemically synthesized BaSnF, are the

12 |
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— c
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Fig. 15: Arrhenius diagram of the ionic conductivity of BaSnF, samples.
The mechanochemical synthesis yield a metastable, cubic modification
that starts to transform into the highly conductive tetragonal form at
483 K which can be seen by the inflection of the data points (grey empty
cubes). The nanocrystalline tetragonal modification shows the highest
conductivity of BaSnF, reported in the literature so far. The red, dotted
line corresponds to the same material synthesized by high temperature
methods. The conductivity of the material can be further increased by

highest reported in the literature so far.*> In con-
trast to other preparation methods reported, even
after the annealing step at 573 K the average crys-
tallite size of BaSnF4 remains small, namely < 25 nm
according to the equation introduced by Scherrer.
This fact might explain the high conductivity found,
most likely remaining defects and large interfacial
areas substantially govern F ion dynamics.

To investigate possible effects of BaZ+-substitu-
tion on the conduction behaviour, 10% of the BaF,
was replaced with RbF. The comparable ionic radius
of Rb* was expected to be rather compatible with
the Ba2*-environment than the smaller Sn?*. The re-
placement of bivalent Ba2* with monovalent Rb* is
expected to introduce vacancies and thus to en-
hance the dynamics of the rigid BaF,-derived sub-
layer. Indeed, the total conductivity could be in-
creased by about 10% reaching 3 mS/cm at room
temperature, as it is illustrated in Figure 15. This
value is one of the highest ever reported for BaSnF,.

Summary

This review represents a brief overview about
the local structures and ion dynamics in defect-rich
fluorides recently prepared via mechanochemically
routes. Without doubt mechanochemistry, in some
cases combined with soft annealing steps, is as a



powerful synthesis method that enables a facile
preparation of complex fluorides, as well as oxides
and sulphides that could serve as fast ion conduct-
ing materials. In particular, it allows a direct prepa-
ration of nanocrystalline powders that can be pro-
cessed in a straightforward way, i.e., without the
need of further purification steps. In many cases,
due to structural disorder or non-equilibrium ef-
fects, the compounds synthesized benefit from im-
proved ion transport properties if compared to con-
ventionally prepared solids. Furthermore, as no
high temperatures are needed, metastable com-
pounds can be synthesized that are not accessible
by other synthesis routes.

Considering fluorine-bearing compounds °F
solid-state MAS NMR, carried out at extremely fast
spinning speeds, has been demonstrated as a ver-
satile method to reveal local magnetic structures
and hence to shed light on the evolution of the final
compounds with increasing milling time.

In contrast to X-ray diffraction methods, MAS
NMR is not only sensitive to crystalline materials, it
is also possible to obtain information about amor-
phous fractions. In particular, due to the excellent
receptivity of the 1°F nucleus, fluorides represent
highly suitable model compounds to study mecha-
nochemical reactions.

The use of solid state NMR spectroscopy is,
however, not limited to explore structural details of
disordered solids, but also to investigate ion dy-
namics. In combination with impedance measure-
ments and conductivity investigations the various
spin-relaxation methods can be used to study
short- as well as long range 1°F ion transport. Via
the application of both methods the information
obtainable range from elementary jump processes
to long-range (through-going) ion dynamics and
contain activation energies, jump rates and diffu-
sion coefficients, respectively. In addition, the data
retrieved from NMR relaxometry can also provide
information on possible spin reservoirs differing in
ion dynamics. This means that in favourable cases a
separation of dynamically distinct ions in the bulk
and grain boundary regions is possible.

To conclude, a thorough understanding of for-
mation mechanisms as well as properties of
(nano-)crystalline compounds prepared via mecha-
nochemical may open the field for future work in-
cluding preparation of new fluorides as well as their
application in modern energy storage systems, in
particular.
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6. Conclusion and Outlook

Within the framework of this doctoral thesis, various solid-state F-ion conductors
were prepared and thoroughly analyzed in terms of their diffusion parameters, respec-
tively their ionic conductivity. The synthesis was carried out by mechanochemical path-
ways using high energy planetary ball mills. New preparation routes based on the chem-
ical conversions triggered by mechanochemistry were demonstrated for BaMgF4 as well
as solid solutions of BaF; and LaFs. In addition, it was shown that this preparation method
enables the improvement of the diffusivity via a size reduction or the formation of defects
(cp. coarse grained vs nanocrystalline BaFy).

Diffusion parameters were studied in detail by solid state NMR relaxation and broad-
band impedance spectroscopy. The powerful combination of these techniques does not
only provide access to a large dynamic window, but also allows the comparison of the
data found for the individual methods. In particular, such comparative studies are neces-
sary for the elaboration of diffusion mechanisms for distinct materials.

Tetragonal BaSnF, was the most intensively studied material in this work. It was pre-
pared by mechanochemical milling of the binary fluorides followed by an annealing step
at moderate temperatures (573 K). The conductivity values found for the tetragonal mod-
ification are among the highest values that were reported for this material yet.!0:70.71.80.82
It could be further increased by monovalent doping with RbF to about 2 mS/cm at room
temperature. Conductivities in the range of a few mS/cm are considered as necessary for
all solid state batteries, e.g., based on a fluoride ion chemistry.* Tetragonal BaSnF, is char-
acterized by a layered structure that results from the sterically demanding electron lone
pair of the Sn**-ions. F MAS NMR studies and structural investigation have shown a
temperature dependent occupation of the distinct sublayers, which has a significant in-
fluence on the conductivity characteristics. In this study, a change in the absolute values
for the activation energy was found for temperatures of about 245 K, which can be inter-
preted as a confirmation of the above stated findings.

Cubic BaSnF, was obtained as an intermediate product after milling. X-ray diffraction
studies have determined similar cell parameters to cubic BaF.. However, first 1°F MAS
NMR investigations have shown two distinct F-signals in the spectra. The first one could
be attributed to the fluorides in the local environment of the Ba?*-cations. The second
spin reservoir shows a similar chemical shift as it is known from spectra of pure SnF,. As
there is no evidence of a second, minor phase in the XRPD pattern, this could point to an
amorphous fraction of SnF; that is formed during milling. In addition, the DSC measure-
ments of the cubic BaSnF, also show a second exothermic transition below the conversion
to the tetragonal modification, which might reflect the crystallization of this amorphous
parts. In general, SnF; exhibits several transition temperatures below its melting point

(490 K) which complicates a certain assignment of this process. The findings for the cubic
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6. CONCLUSION AND OUTLOOK

BaSnF4 described above were not discussed in this thesis and require more intensive in-
vestigations. An X-ray diffraction study at different stages of the milling procedure was
already carried out. Further investigations by F MAS NMR similar to the study of
BaMgF, are intended. In addition, the doped samples should be analyzed towards their
local structure to explore the role of the dopant concerning the improvement of the con-
ductivity.

The diffusion characteristics of Bao¢Lao.4F2.4 solid solutions were analyzed by ’F NMR
relaxation studies in conjunction with high-frequency broadband impedance spectros-
copy. The results from both methods are in good agreement with each other and provide
insights into the diffusivity of the F-ions in such a disordered system. T, measurements
in the rotating frame of reference enabled the determination of a rate maximum in the
accessible temperature range. The unusual broad peak reflects a distribution of migration
processes that proceed on a similar time scale. The low-temperature flank of the Ti,-max-
imum exhibits a small activation energy for the ion transport. This could originate from
the migration in defect rich local environments that results from the structural disorder
of the cation mixing (cp. Figure 24) and the synthesis conditions. An analysis of the high-
frequency impedance data shows similar values for measurement frequencies in the re-
gion of several MHz up to some GHz, which corresponds to the time scales of the NMR
experiment. The long-range transport is characterized by higher activation energies that
are deduced from the dc-conductivities. Unfortunately, these values could not be com-
pared to NMR relaxation data, as the high-temperature flank of the relaxation rates was
not accessible with the available measurement setup.

An interesting alternative to Bag¢Lao4F24 would be provided by a SrF./LaFs-system.
Some authors report even higher conductivities for such a mixed conductor if only small
amounts of LaFs are substituted by SrF..”>% In general, these systems benefit from a
higher stability in comparison to, e.g., a BaSnFs-solid electrolyte. Thus, an application in
energy storage systems is more likely for such compounds.

The synthesis and the characterization of BaMgF, was less spectacular in terms of the
magnitude of the ionic conductivity, as it shows poor values, but has revealed important
information about the mechanochemical synthesis procedure. In addition, the anisotropic
diffusion characteristics that were found for single crystals could be confirmed for the
nanocrystalline powder. The F MAS NMR spectra gave insights to the proceeding reac-
tion that could not be provided by X-ray spectroscopy. These findings can be applied to
other mechanochemical reactions as mentioned above, such as the investigation of the

structural transformations of the BaF2/SnF,-system during the milling procedure.
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A. Experimental

General approach

Chemicals were purchased from standard suppliers and used as received without any
further purification steps. It should be mentioned that each sample should be investigated
by XRPD and optionally by MAS NMR to avoid the use of contaminated starting materials
or compounds that are chemically completely different to what is indicated on the sample
flask.

To avoid reactions with oxygen or moisture during the preparations or the measure-
ments, starting materials and samples were dried in vacuo for 24 hours in a Biichi vacuum
oven prior to use and subsequently transferred to an argon filled glovebox (MBraun). The
synthesized powders and pressed pellets were kept in a separate container inside the
glovebox to avoid cross contamination with other samples stored in the box.

Pellets for impedance spectroscopy were pressed in pressing tools of 5, 8 or 10 milli-
meters in diameter. For the 10 mm tool, a force of 10 kN was applied, which is equivalent
to about 0.13 GPa. Higher pressures usually did not yield proper pellets, as the high
amount of strain inside the pellet led to a burst during the removal from the pressing tool.

For the NMR relaxation measurements, powders were sealed under vacuum in small
glass tubes of 5 mm in diameter and about 5 cm in length. This protects the samples from

oxidation at high temperatures during the measurements.

Mechanochemical preparation

Samples were prepared by mechanochemical milling in a Fritsch Pulverisette 7 pre-
mium line high energy ball mill. The milling tools, consisting of 50 mL beakers and
180 pieces of 5 mm balls per beaker, were made of stabilized zirconium dioxide. Usually,
samples were prepared at a rotation speed of 600 rounds per (rpm) minute or higher,
depending on the desired products. Special preparation techniques are described in the
respective publications. After milling, the powders were removed from the beakers with
ceramic tools to avoid a contamination with metals from spatulas, etc. The received
coarse grained powders were crushed in an agate mortar to receive a fine powder for the
preparation of the pellets. For cleaning of the milling equipment, the beakers were filled
with 5 mg of quartz sand and 10 mL of water and treated in the mill for six cycles a 5 min
in reverse mode at 600 rpm to remove the residual product from the balls and the beaker
walls. The ceramic tools for the removal of the powder were immersed in HCI (1:1 with
water) over night to dissolve the remaining product and subsequently heated to 1270 K

to remove any residual contamination.
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A. EXPERIMENTAL

X-ray diffraction

Powder diffraction patterns were recorded on a Bruker D8 Advance diffractometer
with Bragg Brentano geometry using Cu K radiation (10-100° 26, step size 0.02° 26, step
time 1s) at room temperature under air. Rietveld refinement was carried out with X-
PertHighScorePlus (PANalytical).

Differential scanning calorimetry

DSC measurements of the prepared powders were performed with a Netzsch STA 409
differential scanning calorimeter coupled with a QMS 403C mass spectrometer. The sam-
ple was heated under a constant helium gas flow in platinum crucibles at a rate of 10

K/min; starting from 293 K measurements were carried out up to 1000 K.

Impedance spectroscopy

Broadband dielectric measurements were carried out on a Novocontrol Concept 80
Impedance Spectrometer. The setup consists of an Alpha-AN broadband analyzer that
allows measurements from 10~* Hz to 10 MHz with an active ZGS-cell and an Agilent
high frequency analyzer with a frequency range from 1 MHz up to 3 GHz including a
special cell for high frequencies. Both cells are operated in a cryostat designed for tem-
peratures ranging from 113 K to 673 K. The temperature is automatically controlled by
Novocontrol’s QUATRO cryosystem that evaporates liquid nitrogen which is heated in a
gas jet that is located prior to the cryostat. High temperature measurements up to 1600 K
are possible with a NorECs high temperature cell in a HT oven that is controlled by the
Novotherm-HT System. The cell must be flushed with gas during the measurements that
can either be nitrogen, argon, air or other, inflammable gases.

Before the start of a measurement, the samples can be flushed with dry nitrogen and
optionally be heated, again to remove residual oxygen or moisture from the cell. Meta-
stable compounds such as cubic BaSnF, were not heated in order to avoid initial structural
changes. A usual measurement consisted of a heating run from 123 K to 573 K and back
to 123 K in steps of 20 K using a frequency range from 1072 Hz to 10 MHz. Additional
cycles can be carried out to investigate a change of the ionic conductivity upon heating,

which is often observed for nanocrystalline materials.

NMR setup

Nuclear Magntic resonance experiments were carried out on Bruker Avance III spec-
trometers. For the relaxation measurements, an Avance III 300 spectrometer operating at

7 Tesla was employed. This field corresponds to a '"F Larmor frequency of
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@o/2m = 282 MHz. The custom '°F Probe (NMR-Service, Germany) can record spectra un-
der static conditions in a temperature range from 130 K up to 280 K. The temperature was
controlled by a Eurotherm controller with a thermocouple of type T.

Spin-lattice relaxation (SLR) rates (1/T;) were acquired with the saturation recovery
pulse sequence 10 x 77/2 - ta— 71/2 - acquisition (acq.). This sequence initially destroys any
longitudinal magnetization M, using ten /2 pulses separated by 40 ps and subsequently
measures its recovery as a function of the delay time #4. Relaxation rates 1/Tip in the
rotating frame of reference (SLR,) were recorded with the spin-lock technique,
/2 - p(tock) —acq. 1/Tyz) and 1/T, rates were obtained by parameterizing the magnetic
transients M,(ta) and M, (fiock), by stretched exponentials: M,(tq) < 1-exp(-(#/T1)Y) and
Mp(tiock) o< exp((fock/ Tip)¥r).

F NMR spin-spin relaxation (SSR) rates 1/T> were recorded by a (two-pulse) solid-
echo pulse sequence: 71/2 - techo — 71/2 — acq. techo denotes the variable interpulse delay. The
transients obtained were fitted with stretched exponentials. Static F NMR spectra were
either obtained after Fourier transformation (FT) of the free induction decay, which were
recorded by non-selective irradiation with a single 7/2 pulse, or by FT of the solid echo
beginning from the top of the signal.

YF MAS NMR spectra were recorded on a Bruker Avance Il 500 spectrometer at
11 Tesla, i.e, a Larmor frequency of wo/27 = 470.4 MHz. Two different MAS probes
(Bruker) are available; one for 2.5 mm rotors with a spinning speed up to 30 kHz and one
for 1.4 mm rotors for a spinning speed up to 60 kHz. Solid, crystalline LiF was used as a

secondary standard with a chemical shift of -204.3 ppm (primary reference CFCls, 0 ppm).
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