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Mechanochemically Synthesized Fluorides: Local Structures and
lon Transport

Florian Preishuber-Pfliigl* and Martin Wilkening?

The performance of new sensors or advanced electrochemical energy storage devices strongly depends on the active mate-
rials chosen to realize such systems. In particular, their morphology may greatly influence overall macroscopic properties.
Many times, however, current limitations in classical ways of chemical preparation routes hamper the development of ma-
terials 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. Mechan-
ical 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 unusual properties such as enhanced ion dynamics. Fast ion transport is of crucial
importance in electrochemical energy storage. Worth noting, mechanosynthesis also provides access to metastable phases
that cannot be synthesized by conventional solid state synthesis. Ceramic synthesis routes often yield the thermally, i.e.,
thermodynamically, stable products rather than metastable compounds. In this perspective we report about mechanochem-
ical synthesis of nanocrystalline fluorine ion conductors that serve as model substances to understand the relationship be-
tween local structures and ion dynamics. While ion transport properties were complementarily probed via conductivity
spectroscopy and nuclear magnetic relaxation, local structures of the phases prepared were investigated by high-resolution
19F 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 absorption of me-
chanical energy is called a mechanochemical reaction. It consti-
tutes its own class of chemical synthesis routes. Chemical reac-
tions 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 nanocrystalline com-
pounds and metastable phases that are often characterized by
non-equilibrium structures. In many cases these materials can-
not be obtained through conventional approaches such as solid
state synthesis which require high sintering temperatures, for
example. Compared to other preparation routes, mechanosyn-
thesis, e.g., when carried out in high-energy planetary mills,
represents a highly versatile way of preparation that benefits
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from its facile realization and so-called one-pot conditions. This
advantages as well as the possibility to synthesize materials
with yet inaccessible properties led to a rapid increase of appli-
cations of mechanochemical techniques. In particular, this
growing interest is highlighted by the increasing number of pub-
lications reporting on mechanochemical reactions as well as by
several comprehensive reviews that appeared over the last cou-
ple of years.13 While recent reviews focused on, e.g., the syn-
thesis of non-equilibrium oxides, the present one puts emphasis
on the preparation of inorganic, nanocrystalline fluorides, i.e.,
ternary and quaternary ionic conductors, in particular. Here, we
focus on the direct synthesis of complex fluorides by milling bi-
nary fluorides under dry conditions in high-energy ball mills.
Besides the effect of nanostructuring, the impact of me-
chanical stress yields materials with a high concentration of de-
fects and a large volume fraction of so-called interfacial regions
anticipated to be structurally disordered. In the case of Li* and
F-ionic conductors defects are necessary to facilitate both self-
diffusion and long-range ion transport. From an application
point of view, fast ion conductors are urgently needed to de-
velop powerful electrochemical sensors or energy storage de-
vices that may also take advantage of fluoride as the main ionic
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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. lllustration adapted from ref. 12.

charge carrier.* In this regard, mechanosynthesis has also been
employed for the direct synthesis of current electrode materials
for lithium-ion batteries.>8

For the characterization of materials synthesized via mech-
anochemical routes, nuclear magnetic resonance (NMR) tech-
niques and impedance spectroscopy have proven as powerful
tools to investigate both ion dynamics on short-range as well as
long-range length scales. Considering local structures, high-res-
olution solid-state NMR under the condition of very fast magic
angle spinning (MAS) can be used to follow possible microstruc-
tural changes taking place as a function of milling time.

Mechanochemically Induced Changes: What Happens during High-
Energy Ball Milling?

First results on mechanochemically induced reactions were re-
ported by Wilhelm Ostwald, Michael Faraday and Carey Lea.% 10
Lea carried out systematic investigations on silver halides upon
exposure 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 inorganic solid state chemistry, but applications of
this method spread on many other fields of applications includ-
ing biomaterials, metal organic frameworks, catalysts, organics
and pharmaceuticals, in partiular.1. 911

In terms of solid state chemistry, such as the direct synthesis
of nanocrystalline fluoride ion conductors under dry conditions,
the processes during mechanical treatment can affect the start-
ing material 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, that is, 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 milling.12 Shear, friction and impact forces lead
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to abrasion and fracture of the solid particles into smaller ones.
This drastic reduction in crystallite size — usually the mean crys-
tallite size reached after some hours of milling is in the order of
20 nm — results in a high ratio between the remaining bulk ma-
terial and the structurally disordered surface-near regions.13
The bulk regions of a mechanosynthesized phase, however, are
also expected to differ from those of the starting material since
mechanical impact does not only introduce structural disorder
in the boundary layers but also generates defects and disloca-
tions in the interior of the small crystallites.

From the point of view of ion dynamics those ions that are
located in or near these interfacial regions often move much
faster than those in the bulk material. In favourable cases the
quickly jumping ions can be revealed by NMR line shape studies
(Figure 2).1% In particular, this has been demonstrated for single-
phase nanocrystalline Li;O and the two-phase composites
Li,0:X,03 with x = Al, B.1>17 In the latter, the compaction of two
nanocrystalline materials, an ion conductor and an ionic insula-
tor, lead to an interfacial network of homo-contacts (Li,O:Li»0)
and hetero-contacts (Li.0:X;03), see Figure 3 for comparison.
Compared to the situation in the bulk regions of nano-Li,O the
two-component interfacial regions provide fast diffusion path-
ways in their vicinity.1®> The same is anticipated in other dis-
persed ion conductors such as Lil-Al,O3; which was the first ex-
ample of its class.1® Other nanostructured ion conductors!?® 20
also benefit from so-called non-trivial size effects that are based
on the formation of space charge zones?! which in some cases
influence the dynamic properties 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.22 23

Apart from ion dynamics, the element distribution in grain
boundary regions might be different from that in the bulk state.
In particular, this holds for non-equilibrium compounds as de-
scribed by Sepelak et al.:2 the inhomogeneous distribution of
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Fig. 2: 7Li NMR spectrum of nanocrystalline Li,O prepared by high-energy 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 adapted from ref. 14.

cations in the grain boundaries is referred to mechanical treat-
ment. The authors presented detailed analysis techniques for
such non-equilibrium phenomena in oxides.

The second aspect of mechanochemistry is the direct con-
version of the reagents into the desired product without the
need of any further processing or purification steps. As men-
tioned above, it is feasible 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 enhanced concentration of vacancies, interstitials or
other defects that are necessary to enable high ionic conductiv-
ities.24

The underlying reaction mechanism of a mechanochemical
synthesis is still under discussion. Besides the various micro-
structural changes taking place, localized reactions induced by
heat and pressure are anticipated to lead to the final conversion
of the starting material. In contrast to any high temperature
solid state reaction, where the entire material is heated to a cer-
tain temperature, a mechanochemical reaction is thought to oc-
cur at localized spots where the material is stressed by the mill-
ing 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 1073 s due to friction at surfaces of about 1 um?2.25-27
The magma-plasma model predicts even higher temperatures
of up to 10% K and a molten-like state of the reactants in the
impact zone of the particles.28

The common finding in both theories is a localized develop-
ment of thermal energy that promotes the solid state reactions.
As the reactants are thoroughly mixed on the nm-scale, the dif-
fusion pathways between the reactants are some orders of
magnitude smaller compared to pum-sized grains. For such a lo-
calized 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 reaction in a planetary ball
mill required extremely high rotational speeds.?® The fact that
the overall temperature 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 thermodynamically stable phases is sup-
pressed; for example, this concerns phase separations of usually
immiscible solids. Hence, mechanosynthesis enables indeed a

This journal is © The Royal Society of Chemistry 20xx
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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 signal. Figure adapted from ref. 14.

powerful method to prepare highly metastable, i.e., non-equi-
librium compounds.

Characterization Techniques: Making use of X-Rays, Spins and
Charge Carriers

For the characterization of (nano-)crystalline materials, diffrac-
tion techniques such as X-ray powder diffraction (XRPD) are
commonly employed to determine the crystal structures. Mech-
anochemically synthesized materials, however, often show pat-
terns that deviate from single crystalline or coarse grained ma-
terials. Broadening of the reflections due to extremely small
mean crystallite sizes leads to overlapping of the reflections or
hides impurities and secondary phases. In addition, the signals
can be shifted because of variations of the mean lattice param-
eters. Moreover, they can show different intensities which com-
plicates a certain determination of the product. The milling pro-
cess may also yield amorphous fractions lacking in periodicity in
order that they cannot be identified by X-ray diffraction meth-
ods.

To overcome the drawbacks of X-ray diffraction, solid state
NMR is the method of choice to uncover amorphous compo-
nents and to collect information on local magnetic and electric
fields at the nuclear sites. In particular, NMR is able to deter-
mine polyhedra distortions being a result of mechanical impact.
In general, local distortions as well as outspread structural dis-
order 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
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Fig. 4: Overview of important representations of impedance spectroscopy and solid state NMR data. a) Nyquist plot of the real part vs the imaginary part of the complex impedance.

In the ideal case electrical responses of bulk and grain boundary regions can be distinguished; electrode effects are expected to show up at low frequencies. A spike at low frequen-
cies results from the piling up of ions at the blocking electrode interface; conducting electrodes usually appear as large semicircles. b) The conductivity isotherm reveal the same

features: at the highest frequencies a disperse regime shows up that includes forward-backward jumps. Each plateau reflects an individual transport process. c) Arrhenius plot of
the NMR spin-lattice relaxation 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, nigh). 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.

relaxation of the 1°F nuclei due to relatively strong dipole-dipole
interactions results in short acquisition times further underlin-
ing the advantages of the °F NMR spectroscopy. In order to
achieve high resolution in the solid state magic angle spinning
(MAS) is applied. With current NMR probes spinning speeds as
high as 100 kHz are available. 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 impurities that remain unre-
solved or as such invisible by XRPD. Fortunately, MAS NMR does
not require special sample preparation methods; air sensitive
materials can be filled into the desired rotors using a dry box
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 properties of mechanosynthesized com-
pounds are of particular interest since they may be largely dif-
ferent from those of their coarse-grained counterparts. Taken
together, broadband impedance spectroscopy 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

4| J. Name., 2012, 00, 1-3

rates the accessible dynamic window ranges from the Hz to the
GHz regime

Complex conductivities and dielectric permittivities, if meas-
ured over a wide frequency range, contain valuable information
onion hopping dynamics taking place on different length scales.
In general, average hopping barriers are available from variable-
temperature experiments when analysing the results in the
frame of the law of Arrhenius, i.e., by plotting, e.g., log(c’T) vs
the inverse temperature 1/T; ¢’ denotes the real part of the
complex conductivity. 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 contribu-
tions to the total conductivity. Of course, from the various rep-
resentations of impedance data (see Figure 4) electrical relaxa-
tion rates can be deduced that are useful for comparisons with
results from other micro- and macroscopic techniques.

In many cases NMR relaxometry and NMR exchange spec-
troscopy are able to complement broadband impedance stud-
ies. For example, time-domain NMR spin-lattice relaxation
measurements,39 31 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 relaxo-
metry is characterized by jump rates 1/t that are much lower
than the Larmor frequency applied to carry out the experiment.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 12



Page 5 of 12

If we assume an irregularly formed potential landscape the
jumping ion is exposed 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 effects such as structural disorder and
Coulomb interactions of the hopping ions.30 32

At higher temperatures, this is the regime where the mean
jump rates exceeds the angular Larmor frequency wo, the spin-
lattice relaxation rate is sensitive to long-range ion dynamics.
This is because during the time interval 1/wo the ions perform
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 deduced
from measurements in this T-range is comparable with that of
DC conductivity measurements. In the case of low-dimensional
diffusion, the NMR rates are expected to depend on the Larmor
frequency applied. Moreover, the slope of the respective flank
is lower than in the case of 3D motion for which no frequency
dependence should be observed.30 33

If dynamically distinct processes are stepwise activated with
increasing temperature, NMR is able to identify these: if widely
separated on the dynamic time window they should show up as
multiple relaxation rate peaks in an Arrhenius diagram.3* The
maxima allow an almost model-independent estimation of
mean jump rates by means of the maximum condition linking
wo and 1/t: wot &~ 1.3% A thorough analysis, however, would re-
quire a specific relaxation model to interpret the data further,
e.g., in terms of diffusion pathways the ions chose. As men-
tioned above, if the number density of spins in the interfacial
regions is large enough, as it is the case for nanocrystalline ce-
ramics, 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 materials useful in electro-
chemical 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 elec-
trodes 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 necessary for today’s portable electronics or electric
vehicles, for example. At last, facile and environmentally
friendly preparation methods are needed abandoning hazard-
ous chemicals.

As an example, electrode materials for rechargeable Li-ion
batteries with aprotic liquid electrolytes were prepared by
mechanochemical synthesis by Liao et al., who tested LiFe;Fs as
an intercalation 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 electrolyte LizP3S11 can be obtained through

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5: Crystal structure of layered BaSnF, which belongs to one of the fastest F anion
conductors known so far.

ball milling of LiS and P,Ss followed by a soft annealing step to
yield a crystalline product.”- 8

Research on anion conduction in solids has a long tradition;
it was initiated by an experiment of Michael Faraday in 1834. In
his experiments Faraday observed electrical conductivity of lead
fluoride (PbF;) at high temperatures. Around 1975 Schoonman,
Kennedy, Hunter and others3> 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 met-
als and the potentially high voltage in a battery encouraged re-
searchers to prepare a rechargeable cell based on F ion chemis-
try in 2011.3% One significant drawback of the system, however,
was the low mobility of F ions at ambient temperature which
triggered research to develop fast solid fluorine ion conductors.
From the point of view of fluorine solid electrolytes, the present
paper complements an earlier review by Sorokin and Sobolev
that was restricted to ion conductivity in coarse-grained MF;-
RF3 fluorides (M = Ba, (M = Ca, Sr, Ba, Cd, or Pb; R=Sc, Y, or La-
Lu) prepared by solid state synthesis.*

Case studies: lon diffusion in mechanosynthe-
sized complex fluorides

The small size and the single negative charge enable F anions to
quickly move in solids. To date, MF,-SnF; (M = Pb, Ba) systems
are considered as the fastest F- conductors.37.38 This property is
attributed to their layered structure which is the consequence
of ordering effects of the cations, see Figure 5 . Cation ordering
is caused by the steric demand of the unpaired electrons of the
Sn atoms.39 40 PbSnF,4 and BaSnF,4 can be prepared by means of
solid state synthesis at high temperatures;*1-43 alternatively, the
ternary fluorides can be synthesized by mechanochemical
means as well.*3-%6 In the case of BaSnF,, the highest conductiv-
ity was reached if a mechanochemical milling route was cho-
sen.*346 The same holds for SnF,: if treated in a high-energy ball

J. Name., 2013, 00, 1-3 | 5
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(Ba,Sr)LiF; occupy the same sites as Ba. This leads to lattice contraction and local distor-
tions affecting fluorine ion dynamics. Figure adapted from ref. 55.

its conductivity can be increased by almost two orders of mag-
nitude.4’

Unfortunately, SnF,-based fluorides are highly reactive, i.e.,
unstable under electrochemical conditions complicating practi-
cal applications. Metals from the early groups of the periodic
table are considered as more stable and usually possess only
one oxidation/reduction state. Usually, the conductivity of
these metal fluorides in the form of single crystals or polycrys-
talline materials is relatively low. It can be enhanced, however,
by changing the morphology of the materials, e.g., via nano-
structuring including both bottom-up and top-down ap-
proaches such as milling.48

In order to increase the number of defects aliovalent doping
can be used to facilitate ion dynamics. As an example, mixtures
of BaF; and LaFs; have been extensively studied over the past
years. 24,36, 49,50 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 following we will present case studies?*8 50.52-54 jn-
cluding isovalent and aliovalent ion-mixed compounds such as
Ba1.4SryLiFs, BaixCaxF2 and BaixLaxF2.x. Special emphasis will be
put on the interplay of (local) structural effects with hopping ion
dynamics. Whenever possible comparisons between mechano-
synthesized and conventionally prepared materials are drawn.

The Inverse Perovskite (Ba,Sr)LiF3

Joint milling of cubic BaF; and LiF results in phase BalLiFs crystal-
lizing with the inverse perovskite structure (Figure 6).%> In a nor-
mal perovskite the cation with the higher charge is octahedrally
coordinated while the cation with the lower charge is cubocta-
hedrally coordinated, see, e.g., BaTiOs. In BalLiFs, however, the
lower charged cation (Li*) is octahedrally coordinated while Ba2*
is located in-between the octahedra. If BaF; is partially replaced
by SrF, a mixed compound is formed, Bai.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

6 | J. Name., 2012, 00, 1-3

ctions: i

Journal Name

[Sr][Ba];
g I
(e} ) Q [Ba]4
E 2 o0
| ®g
o 0 a
(Srgieal | o | | e
]

£
g
S
|

60
S5/ ppm

80 100 120

Fig. 7: °F MAS NMR spectrum of Bag 74Sro.6LiF3 revealing the individual NMR signals of
the different environments of the F ions. Since in BaLiF; the F sites are magnetically
equivalent only a single signal shows. Depending on the number of Sr atoms in the direct
vicinity of the *°F nucleus the chemical shift ranges from 70 to 32 ppm. Figure taken
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10 nm

Fig. 8: High-resolution TEM image of nanocrystalline (Ba,Sr)LiF; directly obtained by
high-energy ball milling. The enlargement (B) reveal structurally disordered regions at
the grain boundaries. Figure taken from ref. 52.

the X-ray pattern indicating the upper limit of miscibility. Inter-
estingly, a comparative XRPD and 1°F NMR study showed that
the mechanochemical reaction proceeds stepwise, starting with
the formation of BaLiFs with subsequent incorporation of Sr*
into the ternary fluoride.52 19F MAS NMR turned out to be ex-
tremely helpful to reveal the local chemical environments of the
F nuclei and to unravel the formation mechanism of the quater-
nary compound.

As an example, in Figure 7 the 1°F MAS NMR spectrum of
mechanosynthesized Bap.74Sro.26LiF3 is shown. Whereas Sr-free
BaliFs is characterized by a single NMR line,>> that of earth-al-
kaline mixed Bap.74Sro.26LiF3 is composed of 5 signals represent-
ing the different [Sr]s[Ba], configurations formed (a+b = 4, a,b
€ N U {0}). Note that in the inverse perovskite structure Ba- and
Sr-ions occupy the corner-positions of the cubic unit cells. The

This journal is © The Royal Society of Chemistry 20xx
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face centred fluorine ions span octahedra that host the lithium
ions. The more Srions reside in the direct vicinity of 1°F the more
the isotropic NMR chemical shift value &, is shifted towards
positive ppm values as is illustrated in Figure 7. As an example,
for the [Sr]s environments in Bao74Sro.26liFs &iso = 32 ppm is
obtained. The areas under the NMR lines, which can be well re-
solved at spinning speeds as high as 60 kHz, reveal the cation
distribution in Bag 74Sro.26LiF3.52

Since Sr2* is smaller than Ba2* its incorporation into the Ba-
LiF3 lattice leads to a reduction of the lattice constant with in-
creasing Sr content. Hence, the formation of Ba;.,SrxLiFs can be
followed by the shift of the XRPD reflections of BaLiF; towards
larger diffraction angles. The variations in chemical environ-
ments for each fluorine site results in an irregular potential
landscape with a distribution of local energy barriers. Obviously,
such a distribution facilitates F anion hopping since higher con-
ductivities are reported for the mixed compounds as compared
to Sr-free BaliFs.52 In addition to local strain throughout the
bulk structure, disordered regions may be found near the inter-
facial regions in nanocrystalline Ba1.SrxLiFs. 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 8.52

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

BaF; and CaF; do not form a solid solution by high temperature
synthesis routes. This observation is due to the large difference
in ionic radii of Ba2* (1.42 A) and Ca?* (1.12 A). The formation of
BaxCai«F2, however, can be forced by treating the fluorides in a
high-energy planetary ball mill (see Figure 9).48 54 Isovalent mix-
ing 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,.>3 lon
conductivity values derived from impedance spectroscopy are

s{i[s]¢l-BINS

ARTICLE
T N T T T T T T T
or %, - BagsCagsFz 7
2k i
<
'e 4t K i
P nanocryst. _ BagglaoaFas
= CaF; R
L \ N N
o L ¥ N S i
s -6 a N )
3 R N
L B /\:\\ '\} 8h, \Q
coarse BaF, ook
-8+ \ L) .
nanocryst/ \J = \Bao.scao.aLao.ze.z
BaF, ball
milling
10k i
1 1 1 1 1 1

1 1
15 20 25 30 35 40 45 50
1000/ T /K™

Fig. 9: Overview of the ionic conductivities of several BaF,-derived compounds. Ball mill-
ing of coarse-grained BaF, yields a nanocrystalline sample 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-equi-
librium phase taking advantage of local disorder and strain introduced when missing
cations of different sizes. The highest values are found for Bag gLag 4F,.4, which was stud-
ied by NMR relaxometry in detail, see below.

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 sufficiently long in
high-energy ball mills, the XRPD unequivocally reveals the for-
mation of a (Ba,Ca)F; solid solution.>3 This results in complex °F
MAS NMR spectra being composed of several NMR lines associ-
ated with the [Ba]y[Ca], environments formed (see Figure 10 c)).
Differential scanning calorimetry measurements showed that
the compound prepared is stable up to ca. 680 K.5* In contrast,
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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. ¢) 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.
Figures b,c) adapted from ref. 53.
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Fig. 11: a) F anion dynamics in Bagglao4F,.4 as seen via NMR relaxometry. The rates 1/T, and 1/T;, are sensitive to different ionic motions. The same holds for T, which refers to the
transversal decay of magnetization. Most importantly, the 1/T;,(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 Ba?* and La3* cations that differ in size and charge. b) °F NMR lines of for Bag¢Lag.4F2.4. 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
adapated from ref. 50.
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Fig. 12: a) Conductivity isotherms of BageLag4F,.4 measured at frequencies ranging from 10 mHz up to 3 GHz (153 K to 513 K in steps of 20 K). 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 overall DC
and AC conductivities determined from data of the real part of the conductivity (') in the DC regime and at 281 MHz. The latter frequency is similar to the NMR Larmor frequency
used to acquire the relaxation rates. Figures adapted from ref. 50. c) Complex-plane plot of the impedance determing ion transport in BageLagsF,.4 at 413 K (10 mHz to 1 GHz). The
data can be represented by two R-CPE units (CPE: constant phase element) connected in parallel representing distinct dynamic contributions. Electrode polarization is taken into
account with a third CPE.

lanthanum fluoride forms a stable solution with BaF,. As an ex-  Fluorides with Tysonite Structure: Ba;-xLayF2.x
ample, ionic conductivity in BagsCapslaozF2.2, which was pre-
pared under almost the same conditions turns out to be very
similar compared to Bag.sCao.sF». In both cases CaF; starts to seg-
regate at high temperatures causing the conductivity to drop
off. Interestingly, XRPD gave no indications for any LaF; that was
precipitated at higher T. Thus, the lower conductivity is at-
tributed to crystallite growth, structural relaxation processes in-
cluding the ‘healing’ of defects.

BaF; and LaFs are miscible in almost any molar ratio and form
stable solutions up to high temperatures which enables thermal
as well as mechanochemical syntheses routes. The benefit of
mechanochemistry, however, is the creation of defects neces-
sary to yield higher conductivities compared to the highly or-
dered, crystalline counterparts. BagglLao.sF2.4, which shows the
highest conductivity among the Baj..lLayF,.x solid solutions,2*
was chosen as a model substance to study ion dynamics by both
NMR (see Figure 11) and impedance spectroscopy (Figure 12).50
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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 MgF¢-octahedra form a diffusion pathway along the c-axis. Kannan et al. investigated oriented

single crystals and reported on the highest conductivity along the c-axis. Figures adapted from ref. 29.

Mechanosynthesized BagglapaF.4 is characterized by broad
XRPD reflections pointing to structural disorder and strain intro-
duced during its preparation.2* 30 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 rep-
resenting the variety of magnetically distinct F environments.
Variable-temperature NMR measurements, including line shape
studies and relaxation measurements, as well as conductivity
measurements reveal complex ion dynamics. Depending on the
time scale the NMR method applied is sensitive to, activation
energies obtained range from 0.16 eV to 0.44 eV. In particular,
the presence of several hopping processes is highlighted in the
Arrhenius diagram of Figure 11 that summarizes NMR relaxo-
metry data on mechanosynthesized Bagglap sF2.4. While with T;
NMR measurements only the low-T flank of the diffusion-in-
duced rate peak is accessible, the analogous rate 1/T;, passes
through a maximum; the corresponding peak is, however, unu-
sually broad on the 1/T axis. It directly reflects a wide distribu-
tion of ion jump processes occurring on a very similar timescale.
Compared to DC conductivity measurements, NMR relaxometry
is a probe to uncover local jump processes, i.e., it is possible to
reveal the low energy 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 vyield activation energies
being in agreement agree with those extracted from NMR (Fig-
ure 12 b)). At high frequencies o' is sensitive to local (forward-
backward) jumps, i.e., both methods are able to access dynamic
parameters on the same time scale. This similarity is also valid
in the regime of very low T: the responses of the two spectro-
scopic techniques indicate the presence of strictly localized,

This journal is © The Royal Society of Chemistry 20xx

within-site motions. The latter observation points to a highly ir-
regular distribution of energy barriers in mechanosynthesized
Bag.sLag.aF2.4.50

Channel-Structured Fluorides: BaMgF,

Besides the formation of structurally disordered solid solutions tak-
ing advantage of aliovalent and isovalent ion mixing, mechanosyn-
thesis can be used to prepare functional materials with remarkable
purity. BaMgF4, which is a channel-structured ternary fluoride, is ac-
cessible via mechanical treatment of BaF, and MgF, under extremely
harsh conditions, i.e., at very high rotation speeds.?? lon transport is
influenced by the spatial confinement of the crystal structure.
BaMgF, crystallizes in the orthorhombic Cmc2; structure and consists
of strands of corner-sharing MgFg-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 Figure 13).57

The material, which usually requires high temperatures to
be synthesized from a mixture of BaF, and MgF,,>” could be pre-
pared in a planetary ball mill at rotation speeds as high as 1000
rpm.2° At lower rotation speeds the synthesis remains unsuc-
cessful. We attribute this finding to the strong heat develop-
ment 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 spec-
troscopy which is presented in Figure 14.2° Switching off the mill
after immediately interrupts the synthesis process; hence, the
evolution of the product can directly be followed as a function
of milling time. Interestingly, whereas the XRPD patterns rec-
orded only show reflections of the product formed, 1°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
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could be identified any longer. Figures adapted from ref. 29.

angles points to amorphous material that could be attributed to
MgF,. Indeed, non-reacted MgF; is clearly visible in the corre-
sponding °F MAS NMR spectrum, but is missing or superim-
posed by the signals of the product in X-ray diffraction. The sig-
nal of BaF; is also likely to be hidden under the broad XRPD re-
flections of the product. After milling the mixture for three
hours the 1°F MAS NMR lines attributed to the starting materials
completely vanished; according to NMR, at this stage the reac-
tion is completed.

As expected, the MAS NMR spectra show four different lines
each representing one of the magnetically non-equivalent
F sites in BaMgFs. The lines partly overlap as a result from local
disorder introduced during milling. For comparison, thermo-
chemical approaches or post annealing of the product yields
well separated signals due to grain growth and healing of de-
fects.>®

Worth noting, conductivity spectroscopy indeed indicates a
quasi-1-dimensional migration pathway the ions chose to jump
over long distances.?® 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 pre-
sent case, the low k values of approximately 0.3 (see the iso-
therms 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 investigated
BaMgF, single crystals.>?

Two-Dimensional lon Conduction: Layer-structured BaSnF,

Besides using mechanochemistry to prepare defect-rich materi-
als, it is also a valuable tool to mechanically activate the reac-
tants: the final product is only obtained after a subsequent an-
nealing step. If heat treatment is carried out in a moderate way,
defects may be frozen, i.e., partly preserved. The residual de-
fects are anticipated to greatly govern ion transport even in the

10 | J. Name., 2012, 00, 1-3

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 conduc-
tion 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
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Fig. 15: Arrhenius diagram of the ionic conductivity of BaSnF, samples. The mechano-
chemical 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 (HT) methods. The
conductivity of the material can be further increased by substitution of Ba?* with mon-
ovalent Rb*, which is represented by the green line in the diagram.
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the surrounding cations. Because of the highly ordered environ-
ment one can distinguish between fluorine ions located close to
Sn-ions or close to Ba-ions. At room temperature, two spin res-
ervoirs 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 PbSnF,4
compounds,>® the occupation of fluorine ions in the Sn-Sn layer
is rather low. This observation can be explained by the steric
demand of the lone-pairs of the Sn ions.5? Similar anisotropic
properties, which will largely affect ion dynamics, are also ex-
pected for BaSnF,.

Considering ionic conductivity, the values for mechano-
chemically synthesized BaSnF, are the highest reported in the
literature so far.6 In contrast to other preparation methods re-
ported, even after the annealing step at 573 K the average crys-
tallite size of BaSnF, 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 Ba2*-substitution 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 Sn2*.
The replacement of bivalent Ba2* with monovalent Rb* is ex-
pected to introduce vacancies and thus to enhance the dynam-
ics of the rigid BaF,-derived sublayer. Indeed, the total conduc-
tivity could be increased 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 perspective represents a brief overview about the local
structures and ion dynamics in defect-rich fluorides recently
prepared via mechanochemically routes. Without doubt mech-
anochemistry, 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 sul-
phides that could serve as fast ion conducting materials. In par-
ticular, it allows a direct preparation of nanocrystalline powders
that can be processed in a straightforward way, i.e., without the
need of further purification steps. In many cases, due to struc-
tural disorder or non-equilibrium effects, the compounds syn-
thesized benefit from improved ion transport properties if com-
pared to conventionally prepared solids. Furthermore, as no
high temperatures are needed, metastable compounds can be
synthesized that are not accessible by other synthesis routes.
Considering fluorine-bearing compounds 1°F solid-state
MAS NMR, carried out at extremely fast spinning speeds, has
been demonstrated as a versatile method to reveal local mag-
netic 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 amorphous fractions. In particular, due to the excellent
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receptivity of the 1°F nucleus, fluorides represent highly suitable
model compounds to study mechanochemical reactions.

The use of solid state NMR spectroscopy is, however, not
limited to explore structural details of disordered solids, but
also to investigate ion dynamics. In combination with imped-
ance measurements 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 meth-
ods the information obtainable range from elementary jump
processes to long-range (through-going) ion dynamics and con-
tain activation energies, jump rates and diffusion coefficients,
respectively. In addition, the data retrieved from NMR relaxo-
metry 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 formation mech-
anisms as well as properties of (nano-)crystalline compounds
prepared via mechanochemical may open the field for future
work including preparation of new fluorides as well as their ap-
plication in modern energy storage systems, in particular.
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