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Ion dynamics in nanocrystalline materials can be quite different compared to
that in materials with pm-sized crystallites. In particular, the substitution of iso-
or aliovalent ions opens pathways to systematically control ion transport
properties. Here we studied the incorporation of SrF; into the tysonite structure
of LaF; and its effect on F~ transport. High-energy ball milling directly trans-
forms the binary fluorides in a structurally disordered, phase pure nanocrys-
talline ceramic. Compared to Sr-free LaFj3, ionic conductivity could be increased
by several orders of magnitude. We attribute this enhancement to the generation
of lattice strain and the formation of F defect sites. In agreement with this
increase, the activation energy E, of long-range ionic transport in the solid
solution La;_,SryFs_, significantly decreases from 0.75 eV (x = 0) to 0.49 eV
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(x=0.1).

Introduction

Ionic conductors take on an essential role in materials
science [1, 2]. They constitute an important part in
many devices such as sensors [3] and those constructed
for electrochemical energy storage [4, 5]. Apart from Li
and Na ion conductors, also materials with high F
anion conductivity have increasingly attracted atten-
tion [6], because there is renewed interest in the real-
ization of batteries with fluorine anions as main charge
carriers [7-9]. Apart from that, binary earth alkaline
fluorides, especially CaF, and BaF,, easily accept rare-
earth-elements and, thus, allow the preparation of
luminescent solid solutions with improved optical
properties. Considering lanthanum, the ionic radius of

Address correspondence to E-mail: wilkening@tugraz.at

https://doi.org/10.1007 /s10853-018-2361-x

La®" (103 pm) is very similar to that of Ca®" in CaF,
(100 pm); it is, however, somewhat smaller than the
cation radius of Sr’* (118 pm) in cubic SrF, (Fig. 1).
Recently, La;_yBa,F;_, solid solutions with x =0.1
have been introduced as promising ion conductor for
F-ion battery systems [8, 10]. Ba?* has a larger ionic
radius (135 pm) than La®". Starting with undoped
LaF; it is expected that also the ionic conductivity of
nanocrystalline Laj_,SrFz_, (with x<0.1) signifi-
cantly changes with SrF, incorporation [11]. As seen
for other systems, see Ref. [12] for a brief review on
fluorides, we expect lattice strain and distortions
[13-15], caused by the difference in ionic radii, to
promote ionic transport.
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Figure 1 Crystal structure of SrF,. Strontium fluoride crystallizes
with cubic symmetry (Fd3m); F anions occupy the same crystal-
lographic position (8c) which produces a single resonance in
1F NMR spectroscopy.

Here, we used high-energy ball milling to prepare
a series of nanocrystalline La;_,SryF;_, samples and
studied (local) structures as well as long-range F
anion transport. While Sr*" crystallizes with cubic
symmetry (Fig. 1), LaF; adopts the more complex
tysonite structure, see Fig. 2. During ball milling the
number density of defect sites usually increases
which causes the bulk ionic conductivity also to
increase as compared to the more ordered, single
crystalline state. This effect has, in particular, been
shown for oxides such as LiNbOj [16] and LiTaOs3
[17]. Recently, a quite similar enhancement has been
reported for LiAlO; [18] and Li,TiO3 [19]. We expect
that a measurable increase is also seen for ball milled
SrF, and LaF;. Whereas in SrF, only one crystallo-
graphic F site exist, in LaF; three crystallographically
distinct F sites can be found [20]. The F1 anions
residing on 12g are located in the so[Fay] >™ inter-
slab. F3 and F2 anions are found in or near the La
layers, see Fig. 2. In the pioneering work of Wang
and Grey F anion exchange processes in LaF; were
studied by high-resolution solid-state nuclear mag-
netic resonance (NMR) spectroscopy. It turned out
that fast F1-F1 exchange processes markedly deter-
mine ionic conductivity in the tysonite structure,
whereas the F1-(F2,F3) hopping processes are less
frequent.

In general, ball milling is a versatile method not only
to prepare single-phase nanostructured materials but
also to induce and to carry out mechanochemical
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reactions [12, 21]. The latter often lead to non-equilib-
rium (or metastable) compounds that cannot be pre-
pared via conventional high-temperature synthesis
routes [12]. Apart from that, high-energy ball milling is
also useful to prepare phases, which are only stable at
high pressures. As an example, mechanical treatment
of y-LiAlO; leads to the formation of several modifi-
cations which are usually observed at high pressures
[18]. If cubic BaF, is ball milled for several hours in
planetary mills one can follow the generation of
orthorhombic BaF, by both X-ray diffraction and high-
resolution F nuclear magnetic resonance (NMR) [14].
In the present case we used mechanical treatment to
force the cations to mix on atomic scale. The major
component, which is, if not stated otherwise, LaFs,
determines the final crystal structure, i.e., the smaller
Sr*" ions are incorporated into the tysonite structure.
In many cases phase pure mixed compounds are
available by ball milling under dry conditions [22, 23].
The effect of abraded material from vial sets and mil-
ling balls has only a negligible effect if other factors,
such as cation mixing, governs ion dynamics [14]. As
has been documented for other nanocrystalline sys-
tems, the main change in ionic conductivity is caused
by structural disorder, lattice strain introduced and the
mixed cation effect [15-17]. The mismatch in size of the
cations sensitively changes the potential landscape the
mobile F anions are exposed to. In our case, because of
charge balance, the replacement of La®>* by Sr** also
leads to the formation of F vacancies in the anion
sublattice. Vacant F sites are anticipated to further
boost ion conductivity in nanocrystalline LaFs, i.e., it is
expected to control overall ionic conductivity for
samples with x > 0. Of course, cation-mixed fluorides
can also be prepared via alternative solid-state routes
requiring, however, relatively high calcination tem-
peratures. As an example, Chable et al. and Dieudonné
et al. studied ion dynamics in La;_,Ba,Fs;_, (x<0.15)
and Smy;_,Ca,F3_, (x<0.17) solid solutions, respec-
tively [24-26].

Experimental

Nanocrystalline solid solutions of La;_,SryFs_, with
0.01 <x <0.1 were prepared via high-energy ball mil-
ling. We used a planetary mill (Fritsch P7, Premium
line) and treated the various mixtures of LaF3 and SrF,
in cups made of ZrO, (45 mL, Fritsch). Milling was
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Figure 2 Crystal structure of LaF3 (P3cl, Z = 6). The tysonite
structure provides 3 different F sites labeled F1 (12g, C; or
distorted T,; point symmetry), F2 (4d, Cs, point symmetry), and F3

carried out with 180 zirconium oxide milling balls (5
mm in diameter). Prior to the milling process, the
starting materials were dried at 200°C under vacuum.
The subsequent preparation steps were carried out in
inert gas atmosphere by taking advantage of Ar-filled
gloveboxes (O, H,O <0.1 ppm). A milling time of 10 h
(600 rpm) leads to almost full incorporation of SrF,
into LaF3. After each 30 min we interrupted the milling
process for 15 min to let the vial cool down to room
temperature. According to our experience, this way of
milling ensures that the temperature of the vial during
milling does not exceed values above 60 to 80°C.

The phase purity of the samples prepared was
checked by both X-ray diffraction (Bruker D8
Advance, Bragg Brentano geometry, 40 kV) and °F
magic angle spinning (MAS) NMR spectroscopy.
Analyzing the reflections of the nanocrystalline
materials with the Scherrer equation [27, 28] resulted
in mean crystallite sizes in the order of 14 to 20 nm,
see also Refs. [17, 22, 23] for similar analyses on
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(2a, D3, point symmetry). Each site is fully occupied by fluorine

—2+x

anions. F1 anions reside in the o[Fa_y] interslab. These ions

are located in distorted Lay tetrahedra.

nanocrystalline oxides that partly also considered the
effect of lattice strain on samples prepared
mechanochemically.

To probe local magnetic environments of the F
spins, we recorded rotor-synchronized NMR Hahn
echoes by employing a Bruker 1.3-mm MAS probe
placed in a 11.4 T cryomagnet (470.39 MHz). This
probe allowed us to spin the rotor at frequencies as
high as 60 kHz. Spectra were measured with a two
pulse (90°-£,-180°) sequence using a Bruker Avance
500 spectrometer. The 90° pulse length was 1.5 ps ata
power level of 50 W. Between each scan a recycle
delay of 30 s was ensured to consider almost full
longitudinal relaxation. Up to 64 transients were
accumulated for a single spectrum, see Figs. 4 and 5.
We took advantage of LiF powder as a secondary
reference (—204.3ppm) [29] to determine chemical
shifts dio; CFCls (0 ppm) served as the primary
reference.
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Ionic conductivities of the pressed powders were
analyzed with a Novocontrol Concept 80 broadband
spectrometer. To prepare pellets for the impedance
measurements the powders were uniaxially cold-
pressed at ca. 1 GPa. With the pressing tools available
in our laboratory we prepared pellets with a diameter
of 8 mm and thicknesses varying from 0.5 to 1 mm.
Sputtering was used to apply electrically conducting
Au electrodes (100 to 200 nm in thickness). The pel-
lets were placed in a ZGS active cell (Novocontrol).
The temperature in the sample chamber was con-
trolled by a QUATRO cryo system (Novocontrol) that
allows precise settings of temperature as well as a
fully automatic execution of the measurements for a
range of temperatures. A stream of freshly evapo-
rated nitrogen gas, which passes a heater before
entering the sample chamber, is used to ensure
stable stability (+2K). For the conductivity (and
impedance) measurements we used a voltage
amplitude of 100 mV and varied the frequency v
from 0.1 Hz to 10 MHz. Specific conductivities were
calculated by taking into account the cell constant,
i.e.,, diameter and thicknesses of the individual pel-
lets, which showed densities of ca. 90% of the theo-
retical one.

Results and discussion
X-ray diffraction and F MAS NMR

In Fig. 3 the X-ray powder patterns of the starting
materials as well as those of the mixtures, each milled
for 10 h, are shown. For comparison, the patterns of
nanocrystalline LaF; and SrF, are included as well.
We clearly see that the reflections broaden when
going from microcrystalline LaF; to the nanocrys-
talline sample. According to Scherrer’s equation an
average crystallite of ca. 18 nm is estimated for nano-
LaF; prepared by ball milling. At first glance, sub-
stitution of La®*" ions by Sr*" in the compositional
range 0 <x <0.1 does not show a great effect on the
lattice parameters of LaFs, careful inspection of the
patterns reveals slight shifts, which will be discussed
below. Importantly, no other phases than LaF3 were
detected by X-ray diffraction. Thus, no decomposi-
tion products or other phases than La;_,SryF;_y have
been formed. This observation is confirmed by high-
resolution ’F MAS NMR spectroscopy, which solely

@ Springer

J Mater Sci (2018) 53:13669-13681

shows signals that can be attributed to F anions in
La;_,Sr,Fs;_, (see below).

Careful inspection of the diffraction patterns shows
that with increasing x the broadening of the reflec-
tions increases. Mixing two fluorides, which differ in
Mohs hardness, might lead to smaller crystallites. In
our case, however, Mohs’ hardness of the fluorides is
very similar (LaF; (4.5); SrF, (4)). Thus, the broad-
ening is assumed to be also affected by lattice strain
and disorder due to the mixed cation effect. Indeed
lattice strain, when estimated using the method
introduced by Williamson and Hall [30] increases
from 0.0077 (x =0.01) to 0.0107 (x =0.1), see also
Table 1. The estimated mean crystallite sizes (d)
represent apparent values as they do not consider
small distributions of lattice constants because of Sr**
incorporation. As is exemplarily shown for the
(2—11) reflection, see Fig. 3b, its position slightly
shifts toward smaller diffraction angles 20. This shift
is explained by lattice expansion due to successful
heterovalent replacement of La®" by the larger Sr**
species. Refinement of the XRD patterns reveals that
the lattice expands slightly along the c-axis (Table 1);
note that all the values shown in Table 1 are to be
regarded as rough estimates as we deal with broad
reflections from nanocrystalline samples. A small
distribution of lattice constants will contribute to the
broadening effect. Thus, it is likely that the crystallite
diameter of the samples does not change much with
composition. ’FMAS NMR, which locally probes the
different magnetic environments seen by the F spins,
also points to an increase in lattice distortions with
increasing x, at least if we consider values larger than
0.01, see Table 1.

In Fig. 4 the ”F MAS NMR spectra of microcrys-
talline and nanocrystalline LaF; are shown. The
spectra have been deconvoluted with appropriate
Voigt functions to analyze the areas under the three
lines visible. The most intense one belongs to the F1
ions on the 12g position. The F ions F2 (4d) and F3 (2a)
are attributed to the signals showing up at di, =
28.9ppm and 20.9 ppm, respectively. NMR tells us
that the (ideal) occupation ratio of 6:2:1 (12g : 4d : 2a)
is almost fulfilled; experimentally we obtain 6:1.7:0.92
indicating vacant F sites in the La-rich regions of
LaF;. Because of charge neutrality one may suspect
that we have a La deficient binary fluoride at hand
where F anions preferentially fill the F1 sites rather
than the F2 and F3 sites. Ball milling drastically
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Figure 3 X-ray diffractograms of SrF, and LaF; as well as the
mechanosynthesized cation-mixed ternary fluorides Laj_,Sr F5_y.
The nanocrystalline samples were obtained after 10 h of mechan-
ical treatment in a planetary mill. Numbers in parentheses denote
the hkl indices. The starting materials as well as the were phase
pure; neither foreign phases nor abrasion from the vial sets used
could be detected by X-ray diffraction. Broadening of the
reflections is due to gain-size effects and strain introduced during

Table 1 Crystallite sizes ((d)) and strain (¢) as estimated via
Scherrer’s equation and the method introduced by Williamson and
Hall; refer to mechanosynthesized, nanocrystalline
La;_,SryF5_, obtained after a milling period of 10 h. Lattice

values

parameters a4 and c are also included; for unmilled LaF; we
obtained a = 7.1886 A and ¢ = 7.3539 A

x (d)/nm strain € alA c/A

0 18 0.0085 7.1882 7.3542
0.01 20 0.0077 7.1849 7.3533
0.03 17 0.0089 7.1876 7.3557
0.05 15 0.0101 7.1849 7.3536
0.10 14 0.0107 7.1833 7.3586

broadens the lines and reveals a large distribution of
chemical shifts revolving around the original iso-
tropic values. Importantly, it is no longer possible to

milling. The reflection at 20 = 27.7° is shown in a magnified view
in b. The slight shift toward lower diffraction angles shows the
incorporation of larger Sr** jons into the tysonite structure of
LaF5. Broadening with increasing Sr content indicates increasing
strain or distortions because of the cation mixing effect. An
increasing extent of structural disorder upon mixing the two
cations is also seen through '°F MAS NMR, see below.

reproduce the whole signal with only three lines.
Instead, an additional broad line centered at d;, =
—11ppm has to be considered to parameterize the
overall NMR response. Most likely, this line repre-
sents F1 ions in distorted environments between the
La-rich layers in lanthanum fluoride.

As an representative of the cation-mixed samples,
the “F high-resolution MAS NMR spectrum of
Laj_SryF3_, with x =0.1 is presented in Fig. 5.
Obviously, the mixed cation effect causes additional
broadening of the NMR lines. Still, we are able to
resolve the F1 and F2/F3 sites via MAS NMR. The
line attributed to the F1 anions shifts toward lower
ppm values as it has also been documented by
Chable et al. in the literature before [24]. The signal at
—85ppm reveals a very tiny amount of residual SrF,.
Such small amount is difficult to be detected by X-ray
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Figure 4 '°F MAS NMR spectra recorded at 60 kHz rotation
speed and 470.39 MHz: a spectra of microcrystalline and
nanocrystalline LaF;. The nanocrystalline sample was obtained
after ball milling the microcrystalline material for 10 h in a
planetary mill. b deconvolution of the spectra shown in a with

appropriate  Lorentzian functions. For nano LaF; the

diffraction because of signal overlapping and its
possible non-crystallinity.

In Fig. 5b we tried to reproduce the spectrum of
nanocrystalline LagoSrg1F,9 with appropriate Lor-
entzian-shaped functions that simply represent the
F1 part and F2/F3 region of the spectrum, respec-
tively. These lines have no further meaning as it is no
longer possible to reproduce the original F sites with
just one NMR line, either Gaussian, Lorentzian or a
combination of both. The lines depicted are just used
to highlight that the whole spectrum can only be
parameterized if a broad line near 0 ppm is consid-
ered, see the dashed line in the lower graph of Fig. 5.
As these additional NMR intensities needed to
describe the spectrum are located near the center of
the whole NMR response we suppose that besides
the F1 sites also the F2 and F3 sites, to a minor extent,
also contribute to overall F anion exchange, as has
already assumed earlier for pure LaFz [20].

Worth noting, at ambient bearing gas temperature
the MAS NMR lines can be well resolved. A single
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deconvolution is only possible after considering a fourth line
centered at — 11 ppm. Presumably, this line reflects F anion in the
0 [Fz_xrz” interslab as its chemical shift is comparable to that of
the original F1 ions. F jumps via vacancies along the Fipe—Vize-
Fjp pathway seems to be likely.

sharp single, which would be the result of a fast
exchange processes leading to full coalescence of
some or all of the signals, is not seen. Therefore, MAS
NMR suggests, if we consider the spectral range the
lines cover, F anion jump rates involving all of the
available sites to be much lower than 10°s~!. This
estimation, which is valid for temperatures around
ambient, is in good agreement with earlier NMR
results [20] and the ionic conductivities probed here
(see below). It points out the poor F anion mobility in
LaF;, even for nanostructured LaFs; ionic conductiv-
ities are low compared to other ionic conductors, see
Fig. 6 (and the next section) where the corresponding
conductivity and permittivity isotherms of the sam-
ple with x = 0.1 are shown. According to Grey and
co-workers the line representing the F1 anions starts
to narrow at elevated temperatures before two dis-
tinct coalescence effects take place representing the
F1-F3 exchange and F1-(F2,F3) exchange; for a
microcrystalline sample with x =0.01 full coales-
cence of all signals is only observed at T >266°C.
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Figure 5 °F MAS NMR spectra of nanocrystalline La;_,Sr,F3_,
with x = 0.1 as the nominal composition. In addition, the spectra
of nano LaF3 and La;_,Sr,F3_, with x = 0.9 are shown. Asterisks
(*) mark spinning side bands. In the Sr-rich sample crystallizing
with Fd3m symmetry a new signal at — 48 ppm is seen; most likely
this line represents F anions near La centers. For LagoSrg1F29
broadened lines are seen slightly shifted to new positions as

For comparison, in Fig. 5 the NMR spectrum of a
Sr-rich compound, LagiSrgoF,1 is shown that has
been prepared in the same way as the other samples.
Lag;SrooF, 1 crystallizes with SrF, structure. Apart
from the prominent F NMR signal of SrF, a new line
shows up at — 48 ppm. It reflects the F anions near La
ions in the mixed compound. The Sr-rich compounds
are characterized by ionic conductivities that are
lower than those of the La-rich fluorides. Therefore,
here we focus on the samples that crystallize with the
more complex tysonite structure. In the following
section the change in ionic conductivity when going
from pure LaF; to cation-mixed La;_Sr,F;_, is
presented.

Conductivity measurements

To probe ionic conductivities of both the microcrys-
talline and nanocrystalline samples, including the
mixed ones, we recorded conductivity isotherms

ppm

compared to those in microcrystalline Sr-free LaF3. In b a formal
deconvolution of the spectrum of LagoSrgiFp9 is shown. As
already seen for nano LaF;, NMR intensities around 0 ppm show
up which reveal F anions in mixed environments with distorted
polyhedra, see the line drawn with a dashed line. See text for
further explanations.

covering both a broad frequency range and a large
temperature region. Exemplarily, in Fig. 6 the real
part ¢’ of the complex conductivity (as well as the real
part € of the complex permittivity) of mechanosyn-
thesized LagoSrg1F»>9 is shown as a function of the
frequency v covering a dynamic range of 9 orders of
magnitude.

At high temperatures and low frequencies elec-
trode polarization is seen as the F ions cannot pass
the Au blocking electrodes used to measure the total
electrical response. This response causes a significant,
in many cases multistep, decrease of ¢’ in the low
frequency limit. Here it is characterized by capaci-
tances in the pF regime, values being typically
expected for the piling up of ions near blocking
electrodes. Most importantly, the conductivity iso-
therms reveal distinct frequency independent pla-
teaus, denoted as P1 in Fig. 6b), from which we read
off the so-called direct current values opc. opc refers
to long-range ion transport through the macroscopic
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Figure 6 Permittivity spectra (a) and conductivity spectra (b) of
nanocrystalline LagoSrg1F29. The isotherms were recorded at
temperatures ranging from — 140 °C to 300 °C in steps of 20 °C.
Besides electrode polarization, which is seen at the best at high

sample. Here, at ambient temperature the capacitance
C associated with this main electrical process turned
out to be in the order of 38 pF. This value was
derived from analyzing the corresponding complex
plane plots, that is, Nyquist diagrams, which were
obtained by plotting the imaginary part of the com-
plex impedance as a function of its real part. Capac-
itances of a few pF usually suggest opc to be related
to a bulk response. The relatively high value of ca.
38 pF indicates that the response causing P1 is partly
affected by the surface-influenced areas of the nm-
sized crystallites. A second plateau (P2), only poorly
visible at higher T but recognizable in the isotherms
measured at the lowest temperatures, also points to a
bulk response. We attribute this shallow plateau to
ion dynamics in the inner core of the nanocrystals
(see the arrows in Fig. 6b).

From the corresponding Nyquist diagrams the
faster relaxation processes, corresponding to P2,
cannot be resolved properly. Instead, it is well seen if
we plot the imaginary part M” of the complex mod-
ulus vs. frequency, see Fig. 7a. At sufficiently low
temperature two relaxation peaks, M1 and M2, are
visible (see red arrows), which are separated by
almost two orders of magnitude on the frequency
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temperatures (see also a), the conductivity spectra measured at low
T (see b) reveal two distinct electrical responses marked as P1 and
P2.

scale. This separation agrees well with the ratio
opcp2/opcpi- While the peak with the larger ampli-
tude corresponds to P2 in ¢’(v), the weaker one rep-
resents an electrical process with a longer
(characteristic) relaxation time (P1). As M" is pro-
portional to the inverse of the capacitance, M" « 1/C,
peak M2 is characterized by an even lower capaci-
tance C (ca. 25 pF) than that estimated for response
P1. This lower capacitance underpins our assumption
that plateau P2 reflects ion dynamics in the crys-
talline bulk regions.

In Fig. 7b the DC conductivities, plotted as opcT, of
the plateaus P1 and P2 are shown as a function of the
inverse temperature. While the values corresponding
to P1 follow Arrhenius behavior, opcT = ogexp
(—E./(kgT)), with an activation energy of 0.49(1) eV,
those of P2 slightly deviate from the Arrhenius line
governing ion dynamics above 220 K. At higher
temperatures we found an activation energy E, of
0.45(3) eV, which is slightly lower than that deter-
mining P1.

An overview of the change in ionic conductivity in
nanocrystalline La;_,SryFs;_y is finally given in Fig. 8.
Table 2 compares the activation energies obtained
with the pre-factors ¢y. Microcrystalline SrF, shows
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(a)
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Figure 7 a Modulus representation of the data. As suggested by
the conductivity isotherms two distinct peaks are visible denoted
as M1 and M2. b Arrhenius representation of opcT(1/T); opc

the lowest conductivities with an activation energy as
high as 1.13 eV. Ball milling for 10 h leads to an
increase of opc by approximately one order of mag-
nitude; accordingly, E, slightly decreases to 1.04 eV.
A very similar situation is found for LaF; although
the original conductivity of coarse-grained lan-
thanum fluoride, if we consider values at T = 440K,
exceeds that of SrF, by 4 orders of magnitude.
Through heterovalent replacement of the La cations
the overall conductivity can be further increased
reaching values that compete with those found for
mechanosynthesized Laj_,Ba,Fs;_, [10, 37], which
takes advantage of an even larger size mismatch of
the mixed cations [38]. Obviously, the mismatch in
size in the Sr-compound is already large enough to
reach the upper limit of opc, at least if mechanosyn-
thesized samples are considered. The activation
energy of tysonite-type LagoBag 1F,9, which has been
studied in detail in [10, 37], is comparable to that of
the Sr analogue. Just for comparison, ion transport in
LaggBag.1F, 9 [31] turned out to be clearly higher than
that in metastable and nanocrystalline BagsCagsF»
[32], which crystallizes with cubic symmetry and
which has been studied earlier by some of us [15, 32].

For the sake of clarity, for most of the samples only
the values referring to P1 have been included in

: 13677
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was read off from the plateaus P1 and P2 (see Fig. 6b). The solid
lines show fits with an Arrhenius law yielding activation energies
for the P1 response slightly lower than 0.5 eV.

Fig. 7. For the sample with x = 0.1 we also inserted
the conductivities corresponding to plateau P2. The
latter values, if extrapolated to higher T, exceed those
of a LaF;|SrF, multilayer system, which has been
prepared by molecular beam epitaxy (MBE) and
discussed in literature quite recently [33]. The spac-
ing of the heterolayer sample was 25 nm. In such a
sample, besides any possible mixing effect directly at
the interfaces, ion movements in space-charge zones
[6, 39—42] are anticipated to govern ionic conductiv-
ity. Worth mentioning, the conductivity of the
LaF; I SrF, hetero-layers shown reflects the longitu-
dinal one, i.e., the values represent ion transport
perpendicular to the fluoride layers. In this ionic
conductor overlapping space-charge zones are
assumed to enable fast ion transport even perpen-
dicular to the hetero-interfaces. The most prominent
example for this kind of artificial ion conductor is
epitaxially grown BaF,|CaF, [6].

For comparison, a mixed Laj_.SryF3_; sample,
which has also been prepared by MBE [33], is shown
in Fig. 8, too. Interestingly, the conductivities from
plateau P2 of our mechanosynthesized nanocrys-
talline sample with x = 0.1 are at least comparable
with these results. This finding indicates that
La;_.SryF3_y powders with transport properties
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Figure 8 Arrhenius plot of the ion conductivities (opcT vs. 1000/
T) of cation-mixed nanocrystalline La;_,SryFs;_,. Solid lines
represent fits with Arrhenius equations yielding the activation
energies E, indicated. For comparison, the coarse-grained starting
materials as well as LaF3 and SrF, milled for 10 h are also shown.
The dashed lines represent values of opcT of two further ternary
fluorides already presented and discussed in literature viz.
La;_yBayF;_,(x = 0.1) [31] and Ba;_,Ca,F, (x = 0.5) [32]; here,
we have prepared these two reference materials by milling the
respective starting materials for 10 h. Crosses indicate conductiv-
ities taken from literature [33]: the data points show conductivities of

Table 2 Comparison of activation energies E, and pre-factors g
of the Arrhenius lines shown in Fig. 8. The values refer to the
mechanosynthesized, nanocrystalline samples Laj_,Sr,F5_,. The
uncertainty of E, is in the last digit, for gy it is roughly
+0.1Sem 'K

x E./eV  logyo(co/(Scm™!K)) Remarks

0 0.75 479
0.01 0.66 4.04
0.03 0.54  3.65
0.05 0.50  3.87

0.10 049 4.3 Pl

0.10 045 4381 P2

0.05 0.45 4.55 Milled, annealed [34, 35]
0.05 035 495 Single crystal [34]

being similar to those of MBE grown films can be
made available also by high-energy ball milling. Of
course, ball milling is a much more feasible technique
able to produce large quantities of powders [25].

@ Springer

La;_,SryF;_, with 5 mass-% Sr and ion transport properties of
multilayer LaF3|SrF; heterostructures with an interfacial spacing of
25 nm. These samples were prepared by molecular beam epitaxy,
see [33]. For the sake of completeness, also results from a
LagosSrgp5F2905 single crystal and mechanosynthesized, but
annealed, Lagg5Srg05F2.05 (dashed-dotted line, the values almost
coincide with the LaF3|SrF, multilayer system) are included
[34, 35]. Space-charge and segregation effects might be used to
explain the decrease in ionic conductivity when going from single
crystals to nm-sized systems with high surface areas [36].

If we consider La;_,SryF3;_, samples prepared dif-
ferently and with different morphologies and
preparation histories than here, see, e.g., the sys-
tematic studies by Sorokin and Sobolev [34], we find
that opcT of P2 is considerably lower than that what
is usually found for a Lag 955t 05F2.05 single crystal. o
of a mechanosynthesized, but annealed sample is
slightly lower than opcT of P2, see Fig. 8 and Table 2,
which also includes the corresponding activation
energies and pre-factors (see below). To our knowl-
edge and understanding, the origin of this decrease is
not fully understood yet. At first glance, one might
speculate that grain-boundary regions might block
long-range ion transport. Here, we could not find
strong evidence that the conductivities measured
reflect ion transport across grain boundaries. They
mainly refer, as far as electrical capacitances are
considered, to bulk properties. This assignment is in
agreement with '’F NMR line shape measurements.
Conductivities in the mS range at room temperature
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would translate into very fast F exchange processes
as reported for single crystals. Even if such processes
were hidden in our samples as non-ascertainable
electric bulk property, they should produce strongly
motionally narrowed NMR lines. Such lines are
absent in our case. The bulk ion dynamics in
mechanosynthesized La;_,SryFs_; does not reach the
conductivities reported for the single crystalline state.
The situation resembles that of Dura et al. [36] who
studied oxygen ion conductivity in nanostructured
ZrO,. The authors presented indications of an
extended space-charge layer because of oxygen
vacancy segregation in the grain-boundary core
region. This effect leads to charge carrier depletion in
the grain leading to a decrease in oxygen ion con-
ductivity. Such segregation and space-charge effects
might be useful to also explain the discrepancy seen
between nm-sized polycrystalline fluorides on the
one hand and single crystals on the other.

Going back to the samples studied here, the
increase in opc for mechanosynthesized La;_,Sr F3_,
powder samples (Fig. 8, Table 2) seems to be mainly
driven by the decrease in migration barrier. Indeed,
E, sharply decreases from 0.75 eV (x = 0) to 0.54 eV
(x = 0.03) if only a tiny amount of Sr** ions were
incorporated into the tysonite structure, see also
Table 2. The lowering of the activation energy is,
however, accompanied by a decrease of the Arrhe-
nius pre-factor gy, which partly compensates for the
enhancement in ionic conductivity. In particular, a
low oy has an impact on conductivities at high tem-
peratures rather than at lower T.

The trend shown in Table 2 is in fair agreement
with this so-called Meyer-Neldel rule [43], an
enthalpy-entropy compensation effect. This compen-
sation effect is based on a linear dependence of the
pre-factor on the activation enthalpy (or energy). The
higher the activation enthalpy, the higher the pre-
factor gy, which is affected by entropy contributions,
attempt frequencies and, in the case of ionic con-
ductivity, also by the effective number of charge
carriers. Careful inspection of ¢y reveals that, for
values of x larger than 0.03, the pre-factor increases
again. This increase tells us that, while E, remains
almost constant for compositions above x = 0.03, the
further enhancement of opc is driven by oy rather
than by E,. A similar observation has been quite
recently reported for mechanosynthesized samples of
Bal_xCasz [32]
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In the low-concentration limit (x <0.1), which we
focused on here, we do not expect large changes in
attempt frequencies. Instead, in this compositional
regime contributions of both the migration and con-
figurational entropy as well as the effective number
of charge carriers are expected to govern go. After E,
has reached its limiting value of ca. 0.5 eV these
effects take over and allow the ions to move quickly
in a disordered potential landscape generated by size
mismatch.

Conclusions

Mechanosynthesis is a versatile tool to prepare cation-
mixed fluorides that exhibit ion transport properties
greatly exceeding those of their nanocrystalline but
binary fluorides. By taking advantage of high-energy
planetary mills we showed how poorly conducting
LaF; can be turned into a highly conducting material
via heterovalent replacement strategies. Already at
low substitution levels of x = 0.1 the ionic conductivity
of La;_,Sr Fs_, can be significantly improved when
referenced to that of pure, nanocrystalline LaF;. After
10 h of mechanical treatment under dry conditions, a
phase pure powder is obtained that is characterized by
high F anion conductivities (1 x 107>Sem™! (373 K))
and relatively low activation energies of 0.49 eV.
Structural disorder and lattice strain, being a result of
mixing cations differing in ionic radii, is assumed to
cause the increase in ionic conductivity observed. 1°F
MAS NMR clearly supports this idea as the lines reveal
abroadened lines pointing to a distribution of chemical
shifts. This distribution is caused by point defects,
particularly vacant F sites, and polyhedra distortions
in the mechanically treated samples. These features
facilitate rapid anion exchange that boosts ionic con-
ductivity. For x > 0.03 the Arrhenius pre-factor rather
than the activation energy is responsible for the
increase in opc with increasing Sr content.
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