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Highly metastable Ba; _,Sr,LiF3; (0 < x = x,,x = 0.4) with an inverse perovskite structure analogous to
that of BaLiF3; was synthesized by soft mechanical treatment of BaF, and LiF together with SrF, at
ambient temperature. Ex as well as in situ X-ray powder diffraction (XRPD) measurements show that
heat treatment at 393 K initiates the decomposition of the mixed phase into BaLiF;, LiF and (Sr,Ba)F,.
Structural details of the metastable compound (Ba,Sr)LiF; were investigated by ultrafast '°F magic
angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. Interestingly, five
magnetically inequivalent F sites were identified which correspond to fluorine anions coordinated by
a variable number of Ba and Sr cations, respectively. Details from XRPD and NMR spectroscopy are
discussed with respect to the formation mechanisms and thermal stability of the as prepared fluorides.
Impedance spectroscopy is used to characterize (long-range) ionic transport properties. Results are
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compared with those obtained recently on mechanosynthesized BaLiFs5.

I. Introduction

For many years much effort has been spent on developing new ion
conductors™ being vital for the successful design of, for instance,
high-energy batteries,®'*** fuel cells,"*'* electrochromic
devices,"*!* and sensors."? To at least the same extent, many
attempts have been undertaken focussing on the improvement of
transport parameters of known ion conductors by, e.g. interface
engineering.'*"? In many cases this is done following essentially
two routes, viz either by (i) varying chemical compositions of, for
example, non-stoichiometric compounds or (ii) via directed
modification of local microstructures in order to take advantage
of, e.g., nano-size or interfacial effects while the overall chemical
composition roughly remains untouched.'#'8-2-22

The playground of suitable materials being helpful in the field
of interesting ion conductors might be further extended when
thermodynamically metastable compounds are made available,
see, e.g. ref. 23-25. Often, such materials are predicted theoret-
ically,?*2® however, their synthesis is difficult if not even impos-
sible by employing standard preparation techniques commonly
requiring high temperatures. A number of studies exist where
metastable compounds have been successfully synthesized by
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mechanosynthesis (high-energy ball milling) carried out at room
temperature by the use of shaker or planetary mills.?-
Conspicuously often, the so obtained compounds reveal new
structural and electric, as well as magnetic, properties which can
be systematically controlled by varying the numerous milling
conditions such as the milling time, the kind of vial set used, the
ball-to-powder weight ratio, etc.**** Therefore, the mechano-
synthesis of solids***” is being increasingly considered in the
preparation of new functional materials whose properties have to
be directed in a specific way.

So far, diffusion properties of metastable crystalline ion
conductors prepared by ball milling have been less intensively
studied.?*538 In the present paper we will show how mechano-
synthesis can be used to prepare a non-equilibrium ion
conductor, which is not or only hardly available by high-
temperature ceramic synthesis. Structural details are revealed
and the formation as well as decomposition mechanisms are
studied by both X-ray powder diffraction (XRPD) and ultrafast
F magic angle spinning (MAS) nuclear magnetic resonance
(NMR) spectroscopy. Additionally, the overall ionic conduc-
tivity of the highly metastable mechanosynthesized product is
investigated by electrical impedance spectroscopy.

The inverse perovskite BaLiF3, see, e.g., ref. 39, can easily be
prepared by treating BaF, with the same amount of LiF in
a high-energy ball mill.** Since the product is single phase and of
very high purity, it is an ideal model substance to investigate to
which degree Sr can be substituted for isovalent Ba in the cubic
structure. Here, it turned out that the resulting quaternary
fluoride Ba;_,Sr,LiF3 is very sensitive to heat-treatment.
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At sufficiently high temperature it decomposes leaving over the
almost Sr-free BaLiF; which is much more stable than the
quaternary compound. Thus, it is expected that the mixed phase
with a large Sr content cannot be prepared by conventional high-
temperature solid-state synthesis without taking advantage of,
e.g., a well elaborated quenching technique. Even by ball milling
carried out below 350 K the upper limit of x reached is
approximately 0.3 if ¢,;; = 3 h. For 7,5 > 3 h larger x values of
up to 0.4 are accessible. Let us note that the synthesis of SrLiF3
as well as that of CaLiF; crystallizing with (distorted) perovskite
structure have not been reported in the literature yet.

II. Experimental details

A series of samples with the composition Ba;_,Sr,LiF; (Fig. 1)
was prepared by joint milling of highly pure BaF, (99.99%,
Sigma Aldrich), SrF, (99.99%, Alfa Aesar), and LiF (99.99%,
Alfa Aesar) at ambient temperature. The synthesis was carried
out in air using a planetary mill (Fritsch, P7 premium line)
operated at a rotational speed of 600 rpm, see also ref. 40. The
mill was equipped with a ZrO, vial set in combination with 140
milling balls (ZrO,, 5 mm in diameter). The total mass of each
mixture was about 2 g. If not stated otherwise the milling time
tmin Was set to 3 h. The samples obtained after milling were
characterised by X-ray powder diffraction using a Philips PW
1800 as well as a Bruker (D8 Advance) diffractometer both
operating with Cu Ko radiation at 40 kV. For transmission

f)  "BagesSroaaliFy"

electron microscope (TEM) investigations, a powder specimen
was dispersed in ethanol, and a drop of 10 uL of suspension was
dried on a copper-supported holey carbon film. (Scanning)
transmission electron microscopy (S)TEM was made at 200 kV
on a field-emission instrument of the type JEOL JEM-2100F-
UHR in bright-field, dark-field, and phase contrast.

In order to study the decomposition process of the quaternary
fluorides prepared, some in situ XRPD measurements (see
Fig. S1, ESI{) were carried out using the D8 Advance in
combination with a high-temperature cell HTK-1200N (Anton-
Paar) flushed with air. Temperatures ranged from 298 K to
973 K. The equilibration time before each scan was 60 min.
Heating and cooling rates were set to 12 K min~".

For the alternating current (ac) conductivity measurements an
HP 4192 A analyzer as well as a Novocontrol Concept
80 broadband dielectric spectrometer were employed. The HP
impedance analyzer, working at frequencies from 5 Hz to
13 MHz, is connected to a home-built cell with a four-terminal-
configuration. The cell is designed such that conductivities can be
measured under inert gas atmosphere. Here, the impedance
samples were strictly kept under dry nitrogen gas (99.999%). A
Eurotherm controller was used to adjust and monitor the
temperature (385 K-730 K) near the sample. The Novocontrol
impedance spectrometer is equipped with a BDS 1200 sample cell
and a BETA analyzer which is capable to measure impedances
down to 107 S at frequencies ranging from a few pHz to
20 MHz. Temperature regulation and controlling within an
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Fig.1 (a) XRPD of mechanosynthesized BaLiF; prepared by mechanical treatment of BaF, and LiF (molar ratio of 1 : 1) in a planetary mill at 600 rpm
(b)-(e) XRPD patterns of Ba;_,Sr,LiF; with different compositions x. The peaks slightly shift towards larger diffraction angles (shown for x = 0.047
and x = 0.2) clearly indicating lattice contraction, i.e., a decrease of a, due to the incorporation of Sr**. (f) At x = 0.32 the maximum Sr** level is exceeded
when 7, 1s set to 3 h. Besides (Ba,Sr)LiF; the binary fluorides SrF, and BaF, show up.
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accuracy of about 0.5 K was carried out with a Quattro cry-
osystem (Novocontrol) using dry nitrogen gas. The root mean
square ac voltage was typically 0.1 to 1.0 V. Prior to the
measurements the powder samples were uniaxially cold-pressed
at 1 GPa to cylindrical pellets which were 8 mm in diameter and
approximately 1 mm in thickness. The thickness of each pellet
was measured with a vernier calliper. Electrodes were applied
either by Au evaporation using an Edwards 306 or by pressing
the uncoated pellet between Pt powder. It turned out that the
kind of electrodes have no effect on the electrical impedance
response measured.

F MAS NMR spectra were recorded with a Bruker Avance
IIT spectrometer operating at 471 MHz. The NMR spectra were
acquired using a single excitation pulse whose length was
approximately 2 ps. The spinning speed was v.o; = 60 kHz with
room-temperature bearing gas leading to a temperature in the
sample chamber of approximately 340 K. Such an ultrafast
rotation frequency ensures a sufficiently high resolution of the
MAS NMR spectra even in a structurally disordered sample with
nm-sized crystallites. Usually, in those materials the YF MAS
NMR line widths exhibit a broader distribution of chemical
shifts?3-*%4° than it is observed in their chemically identical but
structurally well-ordered counterparts with a much larger mean
crystallite size. °Li MAS NMR spectra of Bag 74Srq »6LiF3 were
recorded at magnetic fields of 17.6 T and 14.1 T corresponding to
the resonance frequencies of 107 MHz and 88 MHz, respectively.
The rotation frequency was either 12 kHz (17.6 T) or 30 kHz
(14.1 7).

III. Results and discussion
A. Sample characterization by XRD and “F MAS NMR

1. X-Ray diffraction patterns and TEM micrographs.
Mechanical treatment of BaF, together with LiF at ambient
temperature results in the formation of the inverse perovskite
BaLiFs; (space group Pm3m, a = 0.3996 nm, see also ref. 39). In
Fig. 1 the corresponding XRPD pattern is shown. Vertical lines
indicate the position and intensity of the diffraction peaks which
can be found in the literature.** Substitution of SrF, for BaF,
leads to the formation of a mixed fluoride while the cubic
symmetry of BaLiFj; is retained. Additional diffraction peaks
which would indicate the formation of new phases do not show
up. With increasing Sr content x the XRPD peaks of Ba;_,Sr,-
LiF; shift towards larger angles 26. Thus, the lattice contracts
when Ba®* cations (ionic radius of 143 pm)** are continuously
replaced with the smaller Sr** ions (127 pm).** The mean
lattice parameter «a can be calculated according to
a = [A/(2sin8)]Vh? + k2 + I where A = 0.154 nm is the average
wavelength of the Cu Ka radiation used and 4, k and / denote
Miller’s indices of BaLiF; (see the XRPD pattern of Fig. 1d). In
Fig. 2 the parameter « is shown as a function of x. Beginning
from a = 0.3996 nm (x = 0) it decreases to approximately 0.396
nm when the composition reaches x = 0.3. The values shown
refer to a milling time of 20 h and 10 h, respectively. Similar results
are found for shorter milling times if x < 0.3. For ¢,;; = 20 h
the upper composition limit which can be reached by mechanical
treatment is about 0.4. For larger values of x the diffraction
peaks of SrF, and BaF, show up in the corresponding XRPD
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Fig. 2 Lattice constant ¢ of mechanosynthesized Ba;_,Sr,LiF; as
a function of composition x. The decrease of a indicates the incorpora-
tion of the smaller Sr** ions (ionic radius 127 pm) into BaLiF;. The radius
of Ba?* is about 143 pm. See text for further details.

pattern. ’F MAS NMR also revealed the formation of a very
small amount of (Ba,Sr)F, (see below).

Provided the linear relationship found between a and x (Fig. 2)
is valid over the whole composition range, by extrapolating the
fit a(x) to x = 1.0 the lattice constant of not-yet-synthesized
“SrLiF5” can be roughly estimated to ¢ = 0.3875 nm. For
comparison, the value calculated by Ouenzerfi et al*® for single
crystalline perovskite-type “SrLiF3” is only 0.376 nm.

A rough analysis of the XRPD peak widths 3,y (fwhm, full
width at half maximum) of Sr-free BaLiF3; using the formalism
introduced by Scherrer** (see ref. 23,38 for details of a similar
analysis) yields a mean crystallite size (d.) of approximately
25 nm for t,;; = 3 h. Of course, the Scherrer equation does not
consider internal strain ¢ additionally leading to XRPD peak
broadening. Interestingly, with incorporation of Sr, ie., with
increasing x, the peak widths of Ba;_,Sr,LiF;, which was
prepared under the same milling conditions as BaLiF3, increase.
This can be clearly seen when the XRPD pattern of a sample with
x = 0.2 is compared with that of BaLiF; (Fig. 3). Irrespective of
the indices % k / the width 8,4 increases by about 37% when going
from x = 0 to x = 0.2. Additionally, we have analyzed the XRPD
peaks of a series of samples prepared by milling for 20 h:
according to the method by Williamson and Hall*> which takes
peak broadening by strain (see also ref. 23,40) into account, the
mean crystallite size (d.) of a sample with x = 0.26 turns out to be
about 36 nm and ¢ is of the order of 3.8 x 107°. From the cor-
responding Williamson and Hall plots it is deduced that for this
series the crystallite size (d.) decreases from approximately 46 nm
at x =0.02 to ca. 28 nm when x = 0.4 is reached. This increase of
the peak width might be either due to a combination of both (i)
a smaller mean crystallite size and the additional introduction of
internal strain, or (i) simply due to a larger distribution of
diffraction angles in the phase with mixed cations, ie., due to
small variations of a. The first assumption might be explained by
the larger hardness of SrF,, ref. 46, compared to BaF,, see also
ref. 38,23 for a similar comparison. However, our analysis shows
that the ¢ values exhibit a decrease rather than an increase with
increasing x. Thus, most likely there is a distribution of lattice
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Fig. 3 Magnification of the XRPD patterns of BaLiF; and Ba, gSr »-
LiF;3 (#min = 3 h) in the range from 26 = 32° to 42°. Solid lines represent
fits with a combination of Gaussian and Lorentzian lines to obtain the
peak widths 3,4 indicated.

constants present. This is in agreement with the results from “F
MAS NMR spectroscopy (vide infra) revealing a series of
different local environments for the F anions. A very similar
observation concerning XRPD peak broadening (and F MAS
NMR) was made for (Ba,Ca)F, which was also prepared by
mechanical treatment of the binary source materials BaF, and
CaF, in a shaker mill, see ref. 23,38.

TEM micrographs roughly confirm the crystallite sizes esti-
mated from XRPD peak broadening. Several micrographs of
a sample with the composition Bag 74Sr 2¢LiF3; which was milled
for 20 h show crystallites with diameters ranging from 10 to
50 nm. As an example, in Fig. 4 a TEM image of a crystallite is
shown characterised by a mean diameter of approximately
45 nm. Defects in the inner regions of the crystallite are difficult
to be seen by TEM. While some of the grain boundary regions
reveal only a small area fraction showing dislocations being
located on the surface of the crystallites (see arrow on the right
hand side), there are also regions visible exhibiting structural
disorder (see arrows in the lower part of micrograph A in Fig. 4).
In these regions, which are characterised by a thickness of only
1 to 2 nm, no long-range order as in the inner part of crystallites
is present. However, large amounts of amorphous (Ba,Sr)LiF3,
which might additionally influence the transport parameters
(see below), are absent. This is similar to mechanosynthesized
BaLiF; investigated by TEM recently.*

2. "“F MAS NMR spectra. The ’F MAS NMR spectrum of
Bag 74Srg 26LiF; is composed of five signals which can be well
resolved using a spinning speed of 60 kHz (Fig. 5). This obser-
vation is similar to that made in ref. 48,49. ’F NMR chemical
shifts of Bag 74Srg 26LiF3, when referenced to CgFg, range from
70 to 32 ppm. The NMR line at 70 ppm can be attributed to F
anions with four Ba cations as next nearest neighbours ([Ba],-
configuration). For comparison, in BaLiF3 a single NMR line

10 nm

Fig. 4 Typical TEM micrograph of mechanochemically synthesized
Bayg 7481 26LiF3 which was treated in a planetary mill for 20 h. The lower
image (B) shows the magnification of the rectangular area highlighted in
the upper one (A). See text for further discussion.

shows up at 66 ppm. The slight shift towards more positive ppm
values might be explained by the lattice contraction observed for
(Ba,Sr)LiF;. The fact that in the case of (Ba,Sr)LiF5 no signal is
observed at 66 ppm clearly shows that no large amounts of
a separate BaLiF; phase are present. Moreover, neither SrF,
(0iso = 78 ppm), BaF, (153 ppm) nor LiF (—37 ppm) are detected.
Thus, there are no hints pointing to any residual non-reacted
source materials. For comparison, the °Li MAS spectra, which
were recorded at 107 MHz and 88 MHz, respectively, are
composed of a single resonance line. The spinning speed was 12
and 30 kHz, respectively.

The successive replacement of Ba with Sr leads to the config-
urations [Sr][Ba]s, [Sr];[Bal,, [Sr]3[Ba] and [Sr]y. Analogous
structural units were recently found in (Ca,Sr)F, single crystals
with the fluorite structure, i.e., cubic symmetry.*® According to
the assignment of the five YF NMR lines shown in Fig. 5 the
isotropic chemical shift d;,, decreases the more Ba cations are
replaced with Sr ions. Thus, the F NMR signal of pure
“SrLiF5” would show up at d;, values comparable to that of
[Sr]y. The proposed assignment is also reasonable when the

This journal is © The Royal Society of Chemistry 2011
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Fig. 5 Solid-state ’F MAS NMR spectrum of mechanosynthesized
Bayg 74819 26LiF3 recorded at 471 MHz and a spinning speed of 60 kHz.
The spectrum is referenced to C¢Fg. It is composed of five NMR lines
with distinct chemical shifts d;, ranging from 70 to 32 ppm. For
comparison, the “F MAS NMR spectrum of mechanosynthesized
BaLiF}; is also shown which consists of a single line at 66 ppm (green line).
The red line shows a fit composed of a combination of suitable Voigt
functions which are separately shown in the lower part of the figure. Let
us note that fitting the spectrum with Gaussian functions leads to a fit of
a very similar quality. See text for further details.

NMR intensities and areas under the signals are regarded. Most
probably, [Bal, as well as [Sr][Ba]; are formed when the Sr
concentration is kept much smaller than that of Ba** (see also
Fig. 6). Indeed, the signals at 70 and 58 ppm dominate the °F
MAS NMR spectrum of Fig. 5. Both the NMR signal at 70 ppm
and that located at 32 ppm, which are assigned to [Ba], and [Sr]4
units, respectively, show larger intensities as expected for, e.g.,
a binominal distribution of Ba and Sr on the available lattice
sites. Interestingly, the number fraction of Sr-rich units increases
with milling time (vide infra).

In Fig. 6 the "F MAS NMR spectra of samples with different
compositions are shown which were prepared at a milling time of
20 h. At very small x the spectrum is dominated by the NMR
signal of [Ba], at 66 ppm. With increasing x the intensity of this
resonance decreases and the signal shifts towards d;s, = 70 ppm.
Simultaneously, the intensities of the NMR signals attributed to
the mixed configurations continuously increase when x values up
to 0.3 are regarded. The corresponding area fractions of the
different NMR lines are shown in Fig. 7. Of course, the relative
populations of the structural units depend on milling time.

The assignment shown in Fig. 5 (as well as in Fig. 6) is also
reasonable when the empirical superposition model of Bureau
et al® developed for YF NMR isotropic chemical shifts is
considered. By using experimental d;s, values of binary fluorides
such as LiF, KF, BaF,, SrF; it is possible to estimate isotropic
shifts of structurally more complex as well as mixed fluorides in
a qualitative manner.>>! Here, only the first shell of next nearest
neighbours of one fluorine ion is taken into account. The F
NMR isotropic chemical shift d;s, (with respect to that of C4Fg) is
expressed as the sum of a constant diamagnetic and a para-
magnetic term comprising the contributions from neighbouring
cations / such as Ba, Sr and Li: 0jso cale. = —127.1ppm — Z/ no;
where #n; is the coordination number of the fluorine ion and o is
given by o; = 0,9 exp(—ad — dy)). The pre-factor o, of the
paramagnetic shielding term can be obtained from experimental
NMR chemical shifts i pasic Of the so-called basic, i.e., binary,
fluorides (vide supra) according to 670 = —(iso.basic T 127.1 ppm)/n;.
For BaF,, SrF, and LiF the following g, values®*>! are obtained
—70 ppm, —52 ppm and —15 ppm, respectively. While d (vide
supra) is the distance between the cation and the F anion in the
fluoride whose chemical shift has to be calculated, dy represents
the distance between the cation and the F anion in the related
basic fluoride, see ref. 50,51. The (empirical) parameter ¢, is given
by a; = —0.806r; + 4.048 where r, is the ionic radius of the ligand
15%51 Here, we used ry; = 0.078 nm, and rg, = 0.143 nm.*
The value of d, which most likely depends on the Ba-Sr-config-
uration regarded, plays a crucial role in the calculation. In the

Ba,_,Sr,LiF;
20 h, 600 rpm
[Sr][Ba];

[Sr]z[Bal,

[Sr]z[Ba]

[ I T I |
20 40 60 80 100
&/ ppm

Fig. 6 Solid-state “F MAS NMR spectra of mechanosynthesized
Ba,_,Sr,LiF; with different compositions. Data were recorded at
471 MHz and a spinning speed of 60 kHz. The spectra are referenced to
C¢Fs. The milling time was set to 20 h; in that case x values of up to 0.4
are accessible. The area fractions of the distinct NMR lines are shown as
a function of x in Fig. 7. See text for further details.
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Fig. 7 Area fractions of the distinct "F NMR lines of Ba;_,Sr,LiF;
which was prepared by mechanical treatment of the corresponding binary
fluorides for 20 h. The lines are to guide the eye. Whereas the number of
[Baly units continuously decreases with increasing x, those of the other
species, except that of [Sr][Ba]; possibly passing through a shallow
maximum at x = 0.3 (not indicated), show an increase.

present case we have simply used the lattice constants a of the
pure end members BaLiF; and “SrLiF;” to calculate d (Ba-F)
and d (Sr-F). While for BaLiF; an experimental value can be
used; the one calculated by Ouenzerfi et al*® is taken for
“SrLiF5”. The Li-F distance is calculated using the mean lattice
constant probed for Bag 74Srg6LiF3. Thus, assuming a mean
Li-F distance d of 0.198 nm and Ba-F and Sr-F distances of
about 0.283 nm and 0.266 nm, respectively, the results shown in
Table 1 are obtained.

Let us emphasize that the diso cale. Values obtained have to be
regarded as a very rough estimate to understand the experi-
mentally obtained F NMR chemical shifts in structurally
disordered, mixed (Ba,Sr)LiF;. Nevertheless, the estimation
clearly reveals that 05 calc. decreases the more Sr cations are
located in the direct neighbourhood of the F anion. Within this
superposition model small variations of d can have a very large
effect on the resulting chemical shifts. For example, using
a = 0.3875 nm which is the value found after extrapolation of the
fit shown in Fig. 2 (vide supra) to calculate d(Sr-F) = 0.274 nm,
the following ppm values are obtained: 91, 71, 51, 31, and
10 ppm, respectively. By estimating the specific d values directly
from the ionic radii of Ba, Sr and F (0.133 nm), the resulting
Oiso.cale. are very similar to those shown in Table 1. Quite recently,
0iso Of pure BaLiF3; was precisely calculated on the basis of DFT

Table 1 Experimental (£2 ppm) and estimated 'F NMR isotropic
chemical shifts of Bag 74SrsLiF3 by using the empirical superposition
model introduced by Bureau et al., see ref. 50

StruCtural unit 6iso/ppm 6iso,calc/ppm 5iso - 5iso,calc,/ppm
[Bal, 70 92 2

[St][Bals 58 79 21

[St].[Bal 47 66 19

[St]s[Ba] 39 53 14

[St] 2 39 7

calculations.>> The theoretically predicted value of 68.9 ppm
obtained by using a periodic structure model** is in good
agreement with the experimental one found here (66 ppm) which
is identical to that probed by Bureau et al. > For comparison, the
value calculated for BaLiF; using the empirical superposition
model turned out to be 91 ppm indicating the uncertainty of the
estimated values.

Interestingly, a slight shift of 6;, is observed (Fig. 8) when the
composition is changed from x = 0.02 to x = 0.3 (Fig. 6), i. e.,
when a decreases. For example, the signal attributed to [Sr][Ba];
shifts from about 56.5 ppm at x = 0.02 to approximately 59.4
ppm when x reaches a value of 0.4 (Fig. 8). Note that phase-pure
samples with x values larger than 0.3 are only obtained when #,,;;;
exceeds 3 h. The same trend of d;, has been recently found for
the above mentioned single-crystalline (Ca,Sr)F, and is discussed
in detail in ref. 49.

As mentioned above besides x (see Fig. 6) an increase of ¢,
also affects the ratio of the line intensities of the NMR spectra
shown in Fig. 5 and 6. Investigating this observation in detail one
might find out whether any of the five environments are ener-
getically more preferred than others. An attempt is presented in
Fig. 9 where the area fractions of the distinct "’F NMR lines of
Fig. 5 are plotted as a function of milling time ¢,y For
comparison, the corresponding spectra of Ba;_,Sr.LiF; with
x = 0.26 are also shown. At the early stages of milling, i.e., at
tmin = 30 min, the most intense signal is that of BaLiF; being
located at 66(1) ppm. With increasing milling time its intensity
decreases and d;s, shifts towards 70 ppm. The other NMR signals
show a negligible shift with increasing #,,;;. Thus, besides a small
amount of (Ba,Sr)LiF;, the Sr-free inverse perovskite BaLiF3
seems to be the initial product into which Sr is progressively
introduced during mechanical treatment (see bottom of Fig. 9).
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Fig. 8 Variation of the YF NMR chemical shift of the five distinct F
environments in Ba,_ ,Sr,LiF; as a function of composition x. The
milling time 7,,;; was 20 h. Note, slightly different results are obtained for
Bayg 74819 26LiF3 when #,,,;;; 1s restricted to 3 h (see Fig. 5 for comparison).
This indicates that d;5, depends on both composition as well as milling
time. The spectra do not show any evidence for residual amounts of the
starting materials or the formation of other phases such as (Ba,Sr)F, (see
text for further details).
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Fig. 9 (a) Solid-state '’F MAS NMR spectra (471 MHz, spinning speed
of 60 kHz) of a mixture of cubic-BaF,, SrF», and LiF milled for 30 min
and 20 h, respectively, to give (Ba,Sr)LiF; of the nominal composition
Bay 74Srg 26LiF3. (b) Area fraction of the distinct '’F MAS NMR lines of
Fig. 5; for comparison, see the "F MAS NMR spectra displayed in
Fig. 9a.

If z, is chosen to be larger than or equal to 180 min the
transformation into (Ba,Sr)LiF; is completed and no NMR
signals arising from the source materials (LiF, cubic-BaF,, SrF5)
are detected any more. For #,,;; larger than 6 h the area fractions
of the five NMR lines do not change any longer reaching an
equilibrium state.

The NMR signal at 103(1) ppm (Fig. 9a) reveals a small
amount of orthorhombic BaF,, see also ref. 23, being a high-
pressure modification of barium fluoride®-*5 whose cubic form
was used for mechanosynthesis here. The formation of the
orthorhombic form is seen clearest at short milling times. As an
example, in Fig. 10a the "F MAS NMR spectrum of mechano-
synthesized Ba;_,Sr,LiF; with x = 0.12 is presented which gives

direct insights into the composition of the reaction mixture at the
beginning of the mechanically driven solid-state reaction. In
particular, BaLiF3; and orthorhombic BaF, can be clearly iden-
tified as the initial products formed. In orthorhombic BaF, two
magnetically inequivalent fluorine positions exist for which two
different chemical shift values are expected. These two signals
show up at approximately 103 and 174 ppm, respectively (see
also ref. 23). To some extent orthorhombic BaF, is also produced
when cubic BaF; is mechanically treated alone or together with
LiF to form BaLiF3 (see the YF MAS NMR spectra of Fig. 10b).
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Fig. 10 (a) Y"F MAS NMR spectra (471 MHz, 60 kHz spinning speed) of
a mixture of cubic BaF,, SrF, and LiF which was mechanically treated
for only 30 min to enlighten the early stages of milling. Chemical shift
values presented are referenced to C¢Fg. Increasing ¢,,,;; to 180 min results
in phase-pure (Ba,Sr)LiF; and the NMR signals of the source materials
(LiF: —38(1) ppm, cubic BaF,: 152(1) ppm, SrF,: 78(1) ppm) as well as
those of orthorhombic BaF, (103(1) and 175(1) ppm, respectively) cannot
be detected any longer (for comparison, see the NMR spectra presented
in Fig. 9). (b) Stacked plot of two '"F MAS NMR spectra of a stoichio-
metric mixture of LiF and BaF, leading to phase-pure BaLiF; at suffi-
ciently large milling times. NMR spectra were recorded at a resonance
frequency of 471 MHz and a spinning speed of 60 kHz. At very short #,,;;;
a relatively large amount of orthorhombic BaF, is detected which is also
seen in the corresponding XRPD patterns.
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One might suppose that the intermediate formation of ortho-
rhombic BaF; is a necessary pre-step for the successful mecha-
nosynthesis of BaLiF; which, in the presence of SrF,, then
transforms into (Ba,Sr)LiF;. Note that the crystallographic
structure of orthorhombic BaF; resembles the inverse-perovskite
structure of BaLiF3;. For comparison, by means of high-energy
ball milling the synthesis of SrLiF; and CaLiF;, expected to
crystallize with a highly distorted perovskite structure if at all,
has not been observed yet. This fact might be due to the
circumstance that the corresponding orthorhombic modifica-
tions of SrF, and CaF, as well require much higher pressures to
be formed.>* Even when SrF, or CaF, are mechanically treated
under the milling conditions as described here, there are no
indications that the orthorhombic phase is created.

Finally, concerning Fig. 10a, the NMR intensity showing up at
approximately 128 ppm (marked by a small arrow) presumably
reflects the unresolved ’F MAS NMR lines of a small amount of
(Ba,Sr)F, (vide infra).

B. Decomposition of mechanosynthesized (Ba,Sr)LiF; as
followed by XRD and “F MAS NMR

The metastable character of mechanosynthesized, nanocrystal-
line (Ba,Sr)LiF; comes to the fore when the phase-pure product
is exposed to elevated temperatures for several hours. As an
example, in Fig. 11 the XRPD patterns of Bag 74Srg »6LiF; are
shown which was annealed for 3 h at 493 K and 1030 K,
respectively. After exposing the sample at 1030 K the Sr-con-
taining inverse perovskite is largely decomposed. In fact, the
decomposition process starts already at lower temperatures;

annealing Bag 74Srg 56LiF; for 3 h at 393 K leads to the emer-
gence of SrF, peaks of very low intensity (see Fig. 11). The
XRPD peaks of LiF partly overlap with those of BaLiF; as well
as BaF, (Fig. 1) and, thus, are hardly detectable. Interestingly, no
oxides are formed during the decomposition process which was
carried out in air; this was also verified using in situ X-ray
diffraction (Fig. S1, ESIt). Much more surprising is the fact that
no BaF, can be seen after heat treatment. This is also confirmed
by an in situ XRPD measurement carried out up to 973 K
(Fig. S1, ESIY). Thus, BaLiF3, from which SrF, as well as LiF are
removed, is the main decomposition product.

Interestingly, the 26 values of the new peaks showing up are
slightly shifted towards smaller diffraction angles. Most prob-
ably, a very small amount of Ba is incorporated into SrF, leading
to a mixed (Sr,Ba)F, phase. Indeed, mechanical treatment of
SrF, together with BaF,, but in the absence of LiF, unequivo-
cally leads to the formation of structurally disordered (Sr,Ba)F,
(see Fig. 12). The other way round, SrF, + BaF, — 2(Sr,Ba)F,
might be regarded as a competitive reaction with respect to the
formation of (Ba,Sr)LiF3 as well as BaLiF;. The presence of SrF,
seems to hinder the reaction BaF, + LiF — BaLiF; since non-
reacted BaF, is detected in the XRPD pattern of Fig. 1f when x is
chosen to be large enough and 7., set to 3 h. Moreover,
increasing x to about 0.5 clearly leads, besides (Ba,Sr)LiF3, to the
formation of (Sr,Ba)F; if #,,;; > 10 h. Even when the milling time
is increased to 48 h or a vial set of tungsten carbide (WC), having
a density (14.95 g cm~?) much larger than that of ZrO, (6.06 g
cm™?), is used, residual (Sr,Ba)F; is detected by XRPD. This also
shows that even under these extreme milling conditions large
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Fig. 11 XRPD pattern of mechanosynthesized Ba, 74Sr( »6LiF3 which was annealed for 3 h at the temperatures indicated. Decomposition of the sample
starts when it is exposed to 393 K. The new XRPD peaks emerging (see pattern at the top) can be attributed to a mixed (Sr,Ba)F, phase because the peaks
at large diffraction angles, in particular, shift towards lower 26 values. This indicates lattice expansion due to the incorporation of larger Ba** cations
into the cubic structure of SrF,. Narrowing of the XRPD peaks results from grain growth of the initially nm-sized crystallites. The same features were

observed by in situ X-ray diffraction (see Fig. S1, ESIY).
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Fig. 12 XRPD pattern of (Sr,Ba)F, which was prepared by ball milling
of SrF, with an equimolar amount of BaF, in a planetary mill for 3 h at
600 rpm. Whereas the XRPD peaks of SrF, shift towards smaller angles,
those attributed to BaF, appear at larger 26 values which clearly indicates
the formation of a new phase with mixed cations. Inset: Corresponding
F MAS NMR spectrum recorded at a spinning speed of 60 kHz and
a resonance frequency of 471 MHz. The five nearly equidistant NMR
signals (A = 25 ppm) represent the different cation environments the F
ions are exposed to in the structurally disordered mixed phase. Vertical
lines in the inset point to NMR intensities of residual SrF, and BaF,,
respectively.

amounts of Sr cannot be incorporated into BaLiF; completely.
In contrast, if SrF, is absent, the formation of BaLiF; by high-
energy ball milling of LiF together with BaF, is clearly finished
after 3 h.*

Let us note that mechanical treatment of SrF, with CaF,
instead of BaF, also leads to the formation of (Ca,Sr)F, solid
solutions. See ref. 38 and 23 where the ionic direct current (dc)
conductivity of metastable (Ba,Ca)F, is studied which was
prepared by mechanical treatment in a very similar way. Simi-
larly to the situation in (Ba,Sr)LiF;, in mixed (Sr,Ba)F, (as well
as in (Ca,Sr)F5 as mentioned above*) the NMR chemical shift of
fluorine depends on the number of different earth alkali cations
in the (direct) neighbourhood of the nuclei. The inset of Fig. 12
shows the YF MAS NMR spectrum of mechanosynthesized
(Sr,Ba)F,. Despite the structural disorder of the nanocrystalline
material different NMR signals are clearly resolved. The main
signals are labeled by their chemical shift values. Vertical lines
indicate the position of the NMR signals of the source materials
SrF, (78(1) ppm) and cubic BaF, (152(1) ppm), respectively.
Most probably, the NMR lines showing up at about 94, 119, and
144 ppm represent the mixed configurations [Sr];[Ba], [Sr][Ba]s,
and [Sr][Ba]s, respectively. Expectedly, the signal attributed to
[Sr]s[Ba], shows the highest intensity. Interestingly, the NMR
signals show up in an almost equidistant manner; beginning from
about 70 ppm the "F NMR chemical shift continuously increases
in steps of 25 ppm. This is very similar to the situation in
(Ca,Sr)F,.* The NMR signal attributed to F in the neighbour-
hood of a [Sr]y[Ba], configuration appears at (di,(SrF,) +
0iso(BaF3))/2. In agreement with Vegard’s law the lattice constant
a of SrgsBagsF> turns out to be 0.60 nm. This is exactly the
average of the lattice constants a of the two source materials,
BaF, (0.62 nm) and SrF; (0.58 nm).

The decomposition of (Ba,Sr)LiF; can also be followed by F
MAS NMR. In Fig. 13 NMR spectra of Bag74Srg,¢LiF3

(see Fig. 5) which was heated for 3 h at 393 K and 493 K,
respectively, are shown. Note that the NMR spectra were
recorded on the same samples after they were kept under air
atmosphere for several weeks. They clearly show the re-forma-
tion of the binary fluorides LiF, SrF, and cubic BaF, which can
be unambiguously identified by their specific ’F NMR chemical
shifts (Fig. 13b). Interestingly, as also verified by XRPD
patterns, which are not shown here for brevity, the long-term
exposition of the material to air does not lead to the formation of
any detectable oxides or oxofluorides although this might be
expected in the case of nanocrystalline materials characterised by
an extremely large surface area. As indicated by TEM
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Fig. 13 ""F MAS NMR spectra of Ba;_,Sr,LiF; with x = 0.26 which
was annealed at the temperatures indicated (see text for further details).
Data were recorded at a spinning speed of 60 kHz and a resonance
frequency of 471 MHz. (a) Comparison of the NMR spectrum of the
sample annealed at 493 K with that of the as prepared one (see Fig. 5).
The signal at about 67 ppm reflects F in BaLiF; which is re-formed. The
intensity at approximately 78 ppm is due to SrF, which is almost free of
any Ba. (b) NMR spectra showing the re-formation of LiF and cubic
BaF,. Any significant amount of orthorhombic BaF, cannot be detected.
The shallow NMR signal at about 130 ppm shows a very small amount of
mixed (Ba,Sr)F,.
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micrographs (see above), the surface of the nm-sized crystallites
partly reveals structural disorder. Thus, it is expected to be highly
reactive. However, it becomes evident from Fig. 13b that (Ba,Sr)
LiF3, in contrast to its behaviour at high temperature, decom-
poses in such a way that also BaF, is re-formed. In agreement
with the NMR results the corresponding XRPD pattern reveals
the formation of cubic BaF,. Most probably, the (Ba,Sr)LiF; left
after heat treatment, which is largely depleted or almost free of Sr
(see the following paragraph), might be much more sensitive
to moisture than a sample directly prepared from the binary
fluorides.

The reappearance of the NMR signals of the binary fluorides
at —38(1), 78(1) and 152(1) ppm, respectively, is accompanied by
a decrease of those lines which are attributed to (Ba,Sr)LiF;
(Fig. 13a). In accordance with the conclusion drawn from the
XRPD measurements, the signal at 66(1) ppm unequivocally
shows that BaLiF; almost free of Sr is (partly) re-formed while
the signal at about 70 ppm is attributed to an F environment
characterised by [Ba], in mixed (Ba,Sr)LiF; (see Fig. 13a).
Orthorhombic BaF, does not seem to belong to the main
decomposition products observed after exposing the sample to
air.

Let us mention that our attempts to prepare phase-pure
Ba,_,Sr,LiF; with Sr contents of x = 0.3 by solid state reaction
failed. A mixture of well ground source materials and a mecha-
nosynthesized (Ba,Sr)LiF; sample were both heated at 973 K for
several hours and then rapidly quenched to room temperature.
The corresponding XRPDs (see Fig. S2, ESIf) clearly show the
presence of BaLiF3 and SrF, as well as a small amount of Sr-rich
(Ba,Sr)F,. The amount of Sr successfully incorporated into
BaLiF; turns out to be approximately 10% at most.

C. Ion transport properties

Ion transport parameters for various freshly prepared samples of
Ba;_,Sr,LiF; were studied by impedance spectroscopy.>
Exemplarily, in Fig. 14 the impedance spectra, i. e., the real part
of the complex conductivity ¢’ versus frequency », of Ba;_,Sr,-
LiF; with x = 0.26 are shown. The isotherms are typically
composed of a well-defined dc-plateau and a dispersive region
showing up at low temperatures and high frequencies.’”
Dc-conductivity values g4, are obtained by extrapolating the real
part ¢’ of the complex conductivity to » — 0. In our case this is
possible for temperatures higher than room temperature. At
lower T the dispersive part of ¢’(v) dominates the spectra. Note
that electrode polarization effects show up at higher 7 affecting
the impedance data at low frequencies. These blocking effects
have to be taken into account when oy, is read out from the
impedance spectra. Alternatively, complex plane representations
can be analyzed to obtain conductivity data. In the present case
this yields the same results.

The isotherms shown in Fig. 14 represent those of a second run
of measurements. After drying the sample, which was prepared
in air, for 24 h at 333 K under vacuum, the first impedance
spectrum was recorded at 323 K. Measurements were strictly
carried out in nitrogen atmosphere. For the first run, the
temperature was decreased to 233 K and then increased up to
473 K in steps of 20 K. Immediately after that, a second run of
measurements was started for which the temperature was at first
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Fig. 14 Conductivity ¢’ of mechanosynthesized Bag 74Sr 6LiF3 plotted
double-logarithmically versus the measuring frequency. At elevated
temperatures the impedance spectra are each composed of a dc-plateau
and a dispersive region. At low frequencies and high temperatures
distortions show up which are due to space charges accumulating near the
blocking Au electrodes leading to a spurious decrease of ¢/. A ¢’ o« v
frequency dependence would represent constant loss behaviour. The
spectrum recorded at the lowest temperature (233 K) is still affected by
both dc and ac conductivities. The values indicated represent exponents s
of a power law fit using ¢’ = o4, + Ao

decreased from 473 K back to 233 K and after that increased
once again to 473 K in steps of 20 K. In each case the sample was
kept at 473 K for less than 10 min in order to prevent substantial
decomposition during heating. The whole procedure is illustrated
in Fig. 15, where the dc-conductivity values are plotted as o4.7T
versus the inverse temperature. Obviously, whereas the data of
the first run are still affected by traces of water that might be
absorbed during the synthesis process, the g4. values of the
second run reflect the ionic conductivity of (Ba,Sr)LiF3. This is
corroborated by the observation that o4, values recorded at
temperatures up to 550 K with the HP impedance analyzer fit to
the data sampled at lower temperature utilizing the Novocontrol
system. Thus, any further changes of o4. do not occur. Certainly,
exposing the sample to higher temperatures for much longer
times causes the beginning of decomposition as described above.

The data of the second run of measurements follow Arrhenius
behaviour and yield an activation energy of about 0.76 eV. This
value is very similar to that observed for mechanosynthesized,
nanocrystalline BaLiF3, recently.®® Interestingly, the initial
impedance spectra of the first run lead to conductivity values
which show the same activation energy. The difference of the
absolute conductivity values is about one order of magnitude. If
this relatively small enhancement is not caused by traces of water
as proposed above, it might also be explained by a structural
effect. A higher density of defects due to increased structural
disorder would cause an enhancement of the pre-exponential
factor of the corresponding Arrhenius law for o4.. The pre-factor
depends on the number of available charge carriers as well as an
entropy term reflecting the degree of disorder. In a non-annealed
mechanosynthesized sample the ion conductivity might be
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Fig. 15 Arrhenius plot for the dc conductivity (64.7) of mechanosyn-
thesized Ba;_,Sr,LiF; with x = 0.26 obtained by extrapolating ¢’ to v —
0 (see Fig. 14). Uncertainties are within the size of the symbols. The
dashed line is calculated using an Arrhenius law for ¢, 7 with an acti-
vation energy E, of about 0.76 eV. The arrows illustrate the chronological
order of the measurements. The data of the first ([J) and second (m) runs
of measurements are obtained with the Novocontrol setup; the other data
points (grey-filled squares) are measured by using an HP analyzer (see
section II). The latter are also included in the inset and compared with
those which were obtained on a Bag 74Srq »6LiF3 sample prepared under
argon atmosphere. See text for further details. The dashed line shown in
the inset represents o4.7 of a sample with x = 0.02.

controlled by these frozen-in structural features. Annealing at
elevated temperatures might cause structural relaxation and thus
a slight decrease of gg4.

In order to enlighten the influence of the preparation atmo-
sphere on ionic conductivity we have examined a sample which
was mechanosynthesized and handled in inert gas atmosphere
(Fig. 15 and 16). The inset of Fig. 15 shows a4 values of a sample
with the same composition as that in the main figure but which
was prepared in Ar atmosphere instead of milling the binary
fluorides in air. Prior to the electrical measurements the sample
was additionally dried at 500 K for about 40 min under nitrogen
atmosphere inside the sample cell. Subsequently, impedance
spectra were recorded in steps of 25 K down to 193 K. The
corresponding isotherms are shown in Fig. 16. A second run
including an initial drying period of 30 min at 573 K does not
lead to any further changes of o4.. Conductivity values were
readily reproduced through subsequent heating and cooling
cycles. For comparison, in the inset of Fig. 15 also the high-
temperature conductivity values of the sample prepared in air are
included.

The solid lines shown in Fig. 14 represent fits according to
a simple power law:*® ¢/ = a4, + Aov* with 4, being the dispersion
parameter. The exponent s usually ranges from 0 to 1. s = 0 is
expected for uncorrelated motion of the ions which is usually
expected for ionic conductors with a very low concentration of
mobile charge carriers. s = 1 represents the so-called nearly
constant loss (NCL)*’ being often observed at low temperatures.
There are many studies which show that the NCL might be

frequency / Hz

Fig. 16 Impedance spectra of Bag 74Sr 26LiF3 which was mechanosyn-
thesized in Ar atmosphere. At very low temperatures the real part of the
complex conductivity follows ¢ = »°% (solid line) when frequencies
ranging from 10° to 10° Hz are regarded. The spectra are very similar to
those shown in Fig. 14. However, changes at very low temperatures and
high frequencies might be attributed to localized structural relaxation
occurring during annealing the sample at 500 K for about 40 min.

ascribed to caged, i.e., highly localized dynamics which does not
contribute to long-range transport.’” However, a clear under-
standing of this phenomenon is still missing. It can be seen from
Fig. 14 that the impedance spectrum recorded at 233 K can be
divided into two regions obeying different power laws. At low
frequencies the ¢’ values are influenced by both dc and ac
conductivities. The slight dependence of s on temperature (see
the values given in Fig. 14) vanishes after annealing the sample
softly at higher 7. For comparison, see the impedance spectra
shown in Fig. 16 of the sample prepared in Ar atmosphere. As
mentioned above this sample was exposed to 573 K yielding
conductivity isotherms being similar in shape in the high
frequency regime. Recently, similar observations were made for
mechanosynthesized BaLiF; and ascribed to thermally-induced
structural relaxation processes affecting the transport charac-
teristics on short length scales only.*

For the sake of completeness, the dotted line of the inset of
Fig. 15 marks the conductivity values of a sample with x = 0.02.
The ion transport characteristics of (Bag¢gSrg02)LiF3 are very
similar to those observed for the sample with x = 0.26. Careful
inspection of the conductivity data shows that starting from x =
0 the ion conductivity first decreases by about a factor of about
five. Increasing x to 0.12 leads to a small increase of g4, until the
ionic conductivity reaches the g4. values of pure BaLiF; whose
ionic dc conductivity almost coincides with that of a sample with
x = 0.26. Thus, varying x in the range from x = 0 to x = 0.26 does
not exhibit a great influence of the Ba:Sr ratio on the conduc-
tivity of the inverse perovskites studied.

D. Conclusions and outlook

(Ba,Sr)LiF; turns out to be a highly metastable quaternary
fluoride crystallizing with the inverse perovskite structure. It can
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be prepared in high purity by taking advantage of room-
temperature high-energy ball milling being a soft synthesis route
avoiding high synthesis temperatures. A quasi in situ character-
ization of the mechanosynthesis of (Ba,Sr)LiF; is possible since
the reaction can abruptly be stopped by switching off the mill. '°F
MAS NMR spectroscopy was used to elucidate both the
formation mechanisms including possible side reactions as well
as decomposition processes clearly starting when the material is
exposed to elevated temperatures for many hours. The latter was
verified by ex as well as in situ XRPD measurements. Despite the
structural disorder of the material five magnetically inequivalent
fluorine sites can be well resolved with the help of ultrafast '’F
MAS NMR. The technique helps to understand the mechanically
driven solid state reactions from an atomic-scale point of view.
NMR spectra reveal the structural changes with both increasing
Sr content as well as milling time, i.e., with increasing progress of
the reaction. Obviously, BaLiF3 is initially formed into which Sr
is increasingly incorporated during milling. The relatively high
ionic conductivity of the metastable perovskites studied so far
might be further improved by replacement of Ba with other di- as
well as trivalent cations using convenient one-step mechano-
chemical preparation techniques.
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