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Fluoride solid electrolytes: investigation of the tysonite-type solid
solutions La; ,Ba,Fs., (x < 0.15)

Johann Chable,a'b Belto Dieudonné,” Monique Body,b Christophe Legein,b Marie-Pierre Crosnier-
Lopez,” Cyrille Galven,” Fabrice Mauvy,” Etienne Durand,’ Sébastien Fourcade,’ Denis Sheptyakov,”
Marc Leblanc,b Vincent Maisonneuve,b and Alain Demourgues *

Pure tysonite La;xBasFs solid solutions for x < 0.15 were prepared by solid state synthesis in a platinum tube under azote
atmosphere with subsequent quenching for 0.07 <x<0.15. The solid solutions were studied by X-ray, electron and
neutron diffractions and by F NMR and impedance spectroscopies. The evolutions of the cell parameters obeying
Vegard's rule were determined for 0 < x < 0.15 and atomic position parameters were accurately refined for x = 0.03, 0.07
and 0.10. The chemical pressure induced by large Ba’" cations leads to an increase of the unit cell parameters. Fluorine
environments and mobilities are discussed on the basis of results of neutron diffraction and *°F solid state NMR. The F1
subnetwork is lacunar; fluorine exchange occurs according to the order: F1-F1 and F1-F2,3. 2D EXSY NMR spectra of
Lao.s7Bao.osF2¢7 reveal, for the first time, chemical exchange between F2 and F3 sites that requires two successive jumps.
The ionic conductivity was evaluated from sintered pellets and different shaping methods were compared. The only
structural features which could explain the conductivity maximum are a crossover together with a smaller dispersion of F1-

F1,2,3 distances at x = 0.05-0.07.

Introduction

The need for energy storage, both efficient and
sustainable, keeps increasing along with the surge of the
number of electric and electronic devices. Different ways have
been explored to fulfil this need: either improvement of the
current reliable technologies (e.g. Li-ion™? and Ni-MH1) or
development of new concepts such as Li-S,3 Mg-ion,3 Li-air,*
Na-ion” or Fluoride lon Battery (FIB).6 The later refers to a solid
stack composed of solid fluoride materials as electrodes and
electrolyte.7'9 As a reason of high ionic conductivities of
fluoride electrolytesm'11 at low temperature (i.e. close to room
temperature), this all solid concept appeared 40 years ago.7
The CaF,-fluorite type (Fm-3m) and the LaFs-tysonite type
(P-3c1) structures are among the best fluoride electrolytes.lz’13
Their crystallographic networks allow high fluorine ion mobility
which can be improved by aliovalent doping. The fluorite-type

exhibits numerous interstitial sites which can accept mobile
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fluorine atoms. As a consequence, a large range of solubility,
up to =50%, occurs in the MF,-REF; chemical systems
(M = alkaline-earth and RE =rare earth). At the opposite, the
presence of anionic vacancies in the doped tysonite-type
structure is responsible of the high conductivity values in these
fluorides. LaF; (potentially doped by Eu2+) is applied as a
fluoride selective electrode (FSE”) and as a gas sensor.”

For FIB, the electrolyte with the best compromise between
high conductivity and electrochemical stability seems to be La;.
«BayF3 (x<0.15).6 While single crystal studies on LaF; by
neutron®® or X-ray diffraction are in good agreement, the
crystallographic data on the solid solutions are rather
erratic.’”'® Moreover, the solubility limit of BaF, in LaF; needs
1920 Roos et al. have largely investigated the
fluorine mobility on La;,BaF;, single-crystals: electrical,21
electronic®® and ionic® conductivities, bulk and interfacial
polarization,24 dielectric relaxation” and small-signal ac
|'esponse.26 They proposed the first equivalent circuits to
model the impedance spectra24 and they demonstrated that
the electronic conductivity can be neglet:ted.22 The ionic
conductivity was found to be anisotropic for LaF; below 420 K;
its evolution with Ba rate exhibits an optimum around x = 0.07
(3.10" s.cm™ at 330K) which has been explained by a
percolation threshold for one type of conduction path.21'25
These conclusions well matched also with those of Sorokin et
al. extended to numerous other RE;,M,F;_, tysonite fluorides.
102733 They found a maxima of conductivity close to x =0.05
(8.10'5 S.cm™ at 293 K) and they also observed that a strontium
doping leads to the highest conductivity (3.10”% s.cm™ at 293 K

to be ascertained.
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for Lag osSroosF2.95). Additionally, they pointed out that sintered
pellets allow to reach conductivity values close to those of
single crystals. For x > 0.05, the decrease of ionic conductivity
is probably related to the creation of defects clusters.?®%
Recently, Fichtner et al. observed a conduction maximum at
x = 0.1 for mechanosynthesized powders6 and thin films** and
that the absence of sintering is detrimental to the
conductivity.35

The last aspect of La;,Ba,F;. characterization concerns F
NMR experiments, particularly useful to probe accurately the
environments and mobilities of fluoride ions. In the tysonite
structure (P-3cl), three crystallographic fluorine sites with
different occupancies are occupied (F1 (12g), F2 (4d) and F3
(2a)). Interpretation of fluorine conductivity has greatly
evolved since the early results of Aalders et al. on LaF; or La;.
XBa,(F3_,(.36'37 From relaxation time measurements, they
concluded that F2-F3 sublattices govern the low temperature
ionic conductivity. Calculations of probability density functions
(PDFs) led Brach and Schulz to identify three different
probability jumps for LaFs: F1-F1 and F3-F3 > F1-F3-F1.% The
study of Privalov et al. on Lal_xerF3_x39'42 (0<x<0.16 and
130 K< T <520 K) demonstrated that fluorine diffusion starts
on the F1 sublattice and that the increase of the F1/F2,3 peak
intensity ratio along with the shift of the F1 peak position
imply the probability jump order: F1-F1 > F1-F2,3 > F2,3-F2,3.
The activation temperature of the jumps decreases to a
minimum with the doping rate (x = 0.05) which corresponds to
the maximum of ionic conductivity. From high-resolution F
MAS NMR study at variable temperature (300 K < T < 540 K) on
LaF; and Lag 9oSrg01F2.99, Wang and Grey showed that the three
crystallographic sites have very different mobilities and that
the different fluoride-ion jump pathways are thermally
activated in the order: F1-F1 < F1-F3 < F1-F2.*% In the light of
previous studies mainly obtained from LaF;, SrF,-doped LaF; or
very slightly BaF,-doped LaF;, it appears that anionic vacancies
seem to be preferentially located on the F1 sublattice.*®****

It must be noted that most of previous works have been
performed on single-crystals whereas the shaping effects of
polycrystalline powders, better suited as battery components,
have not drawn a lot of attention. Moreover,
structural data on La,,Ba,Fs, are still missing and solubility
limits are not well defined at low temperatures. A
comprehensive study of La;,Ba,F5, with 0 <x <0.15, prepared
by conventional solid state synthesis, is reported here. The
ionic conductivity is compared for various pellet shaping
methods. Fluorine environments and mobilities are discussed

9

accurate

from neutron diffraction and *°F solid state NMR data.

Experimental
2.1 Powder synthesis

Microcrystalline La;Ba,F;, powders were prepared by solid
state synthesis, starting from stoichiometric mixtures of LaF;
(Alfa Aesar 99.99% anhydrous REO) and BaF, (Stem 99.99%
Puratrem). Precursors were grinded in an agate mortar during
30 minutes in a glovebox under purified N, atmosphere. They

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

were then inserted in platinum tubes and dried under
secondary vacuum at 150°C. Tubes were sealed by arc melting
and heated in a Nabertherm muffle furnace.
synthesis are given as ESI. The resulting products, lightly

sintered, were milled again during 30 minutes.

Details of

2.2 X-ray and neutron diffraction

XRD analyses were performed with a PANalytical (X'Pert Pro)
diffractometer (Cu Ka radiation). The EVA software was used
for phase identification. Cell parameters were determined
from Rietveld refinements using Highscore (X’Pert Pro).

Lag.97Bap.03F2.97, Lao.93Baoo7F2.03 @and LaggoBag 1oFz.00 NEUtron
diffraction patterns were collected from ~4 g samples at 300 K
with the HRPT diffractometer at SINQ at Paul-Scherrer
Institute, Switzerland under the following conditions:
A=1.494 A, 260 range 3.5°-164.70°, step size 0.05°. Rietveld
refinements were performed with the Fullprof Suite programs
and the Thompson-Cox-Hastings profile function was applied.

Further details on the experimental crystal structures may
be obtained as ESI and from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax:
+49 7247808666; email: crysdata@fiz-karlsruhe.de), on
quoting the depositories no. CSD-429735, CSD-429736 and
CSD-429737, respectively.

2.3 Transmission Electron Microscopy (TEM)

Selected Area Electron Diffraction (SAED) were carried out on
a JEOL 2100 electron microscope operating at 200 kV and
equipped with a side entry + 35° double tilt specimen holder.
Chemical analysis is done on a large number of crystallites with
an Energy Dispersive X-ray (EDX) spectrometer JEOL JED-2300T
coupled with the TEM. Samples were prepared by dispersing
about 10 mg of powder in ethanol and placing one drop of this
suspension on a carbon-coated copper grid to promote
random orientation of crystallites.

2.4 °F Nuclear Magnetic Resonance (NMR)

19F solid state Magic Angle Spinning (MAS) NMR spectra were
recorded on an Avance 300 Bruker spectrometer operating at
7T (*°F Larmor frequency of 282.2 MHz), using a 1.3 mm
diameter probe head allowing spinning frequencies up to
70 kHz. 1D NMR spectra were acquired using a Hahn echo
sequence for which interpulse delay was synchronized with
the rotor spinning frequency. A 90° pulse length of 1.55 ps was
used, recycle delays of 30s were applied and 128 transients
were accumulated. Due to air frictional heating, the sample
temperature varies by up to 32°C from 34 to 64 kHz (*’Pb
isotropic chemical shift of Pb(NO;),
thermometer®*®). The maximum temperature gradient over
the dimension of the 1.3 mm rotor was estimated around 8°C.
Two-dimensional (2D) exchange spectroscopy (EXSY)*” mMAS °F
NMR spectra were acquired at 44 kHz (40°C), allowing rotor
synchronisations in both the F1 and F2 directions, and thus
avoiding the presence of spinning sidebands in the spectra. A

was used as NMR

saturation sequence of 3 ms duration was used to ensure
repeatability, and the recycle delay value was set to 5 s. Mixing
times ranging from 100 us to 5 ms were used. A total of 100

This journal is © The Royal Society of Chemistry 20xx
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rotor-synchronized t1 increments with 48 transients each were
accumulated and phase sensitive detection in the indirect
dimension was achieved using the States method.*® The *°F
chemical shifts are referenced to CFCl; at O ppm. Spectra
reconstructions were achieved using the DMFIT software.*®

2.5 Pellet-shaping process

Three shaping techniques were applied: uniaxial-pressing (UP—

1ton, 1 min, Specac handpress), isostatic-pressing (IP-5 kbar,
5 min, TopIndustrie Press) and sintering in sealed Pt tubes (S—
N,, 900°C, 24 h). Pellets of 5 mm diameter and ca. 2.5 mm
thickness were prepared for the Electrochemical Impedance
Spectroscopy (EIS) measurements using separately or
successively these three techniques (UP, IP and S) on the same
batch. For x> 0.05, pellet composition was checked by XRD
and EDX analyses after sintering.

2.6 Electrochemical Impedance Spectroscopy (EIS)

conductivity was by
Impedance Spectroscopy (EIS) on the shaped pellets coated on
both sides with Pt as ion-blocking electrodes. The dimensions
and mass of pellets were determined geometrically before
each EIS measurement to evaluate compactness. The
conductivity measurements for sintered pellets were
performed when the relative density was at least equal to
90%. All measurements were performed from 25°C to 250°C
under nitrogen. Impedance data were collected under steady
state conditions within the frequency range of 1 MHz-1Hz (50-
100 mV amplitude) using a Solartron 1260 device. The linear
response domain of the samples was systematically checked
by excitation at different amplitudes (50, 70 and 100 mV) and
the stationary state before and after at least 1 h at 50°C. The
impedance data reported in a Nyquist diagrams were fitted
with the Zview software (Scribner Associates).

lonic measured Electrochemical

Results and Discussion
3.1 X-ray and electron diffractions

Pure La;,Ba,Fs, tysonite phases were obtained for x <0.05
with the classical solid state route at 900°C during 24 h (see
ESI).

T T T T T T

La, BaF.

1l x = 0.10 quenched

M ok

x = 0.07 quenched

Intensity (a.u.)

“ | . x=007

1 1 1 1 1 1

20 30 40 50 60 70 80
20 [CuKd] (°)

Fig. 1 XRD patterns of Lagg3Bao.o7F2.93 and Lagg0Bao,10F2.90. Stars indicate the peaks of the
BaylLa,F,,, fluorite impurity.

This journal is © The Royal Society of Chemistry 20xx

Table 1 Cell parameters of La;.,BasF34 tysonite phases obtained from XRD patterns by
Rietveld refinements.

X a(A) c(A)

0  7.1881(1) 7.3522(2)
003 7.1976(2) 7.3639(3)
005  7.2090(3) 7.3745(3)
007 7.2150(2) 7.3822(3)
010  7.2281(3) 7.3966(4)
0117 7.2342(2) 7.4040(3)
0142  7.2409(2) 7.4147(3)

For x> 0.07, a systematic contamination with the Ba;.La/F,.,
fluorite type phase was observed (Fig. 1). Then, the solubility
limit is probably reached for 0.05 <x < 0.07 at T=900°C. For
Lag.goBag 10F2.90, longer durations of grinding and/or annealing
(up to 168 h) only reduced the amount of fluorite impurity to
4 wt%. Thereby, higher temperatures and longer times of
synthesis completed by a quenching step in water were
applied for x > 0.05 in order to overpass the previous solubility
limit (see ESI). Then, pure tysonite phases were obtained for
x=0.07 and x=0.10 (Fig. 1). Above x=0.10 and even at
T=1350°C, all samples were contaminated by a fluorite
impurity: 0.5 and 1.5wt% for x=0.12 and x=0.15
respectively; the corrected compositions of the tysonite
phases are given in Table 1. The calculations were performed
with the estimated composition of fluorite BagsslagasFsas
deduced from the cell parameters.50 It must be noted that the
last composition is close to the solubility limit at the eutectic
temperature (x =0.15 at 1365°C19). Refinements of the XRD
patterns by the Rietveld method using Highscore software™
led to satisfactory fits and the cell parameters were accurately
determined (Table 1). The values for x = 0.05 were confirmed
by Rietveld refinement wusing Fullprof program (ESI).*?
According to the so-called Vegard’s law, the a and c
parameters increase linearly with x (Fig. 2). This evolution is
consistent with the values of cation radii in nine-fold
coordination (La>* r = 1.356 A; Ba”* = 1.61 A).>® In the tysonite-
type network, F2,3 form N[Lal_xBaxF]z'x layers at z = % (Fig. 3);
F3 atoms occupy the centers of cationic triangles with Dj,
point symmetry and F2 atoms are above or below cationic
triangles with Cz, point symmetry. F1 atoms in N[Fz_x]'Z“‘ slabs
appear between the F2,3 layers and occupy off-centered
positions in cationic distorted tetrahedral sites.

7.45 . . . . . .
¢ =0.4460x + 7.3516
7.40 :
)
< i
= 1735 i
Q |
.u ]
: i 3 :
é 7.30 ! Quenching step required
5] Natural cooling |
8 725 - i
< |
= i
i ‘/
| a=0.3855x +7.1881
|
7.15

0.00 0.02 0.04 006 0.08 0.12

X

0.10 0.14  0.16

Fig. 2 Evolution with x of the cell parameters of La; Ba,F3,. The straight lines show the
linear regressions (equations are given).
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Fig. 3 Representation of the tysonite-type structure with the local environment of F1
(distorted tetrahedral symmetry), F2 (Cs, point group) and F3 (Ds; point group) atoms,

the ..[LasxBasF]** layers at z = %-% and the .[Fay] > interslab.

The large Ba’* cations exert a chemical pressure which
contributes to enlarge the cell parameters. This effect is
different for smaller alkaline earth cations such as Ca** and Sr**
for which the cell volume decreases and remains constant,
respectively.s"’55
environments and their influence on the F ionic conductivity
are different.

Then, the consequence on the F local

TEM experiments were performed on Lagg,BagpsF.e7 and
Lag gsBagosFz.05 to check the homogeneity of samples and the
presence or absence of any amorphous impurity and/or
crystallographic superstructure. EDX analyses carried out on
numerous crystallites systematically the
simultaneous presence of lanthanum and barium and provided
consistent Ba/La molar ratios (3/97 and 5/95, respectively). No
trace of oxygen was detected. The reconstitutions of reciprocal

revealed

space on LaggsBaggsF,os are in good agreement with the
characteristic hexagonal highlighting a
superstructure.

Moreover, all the observed reflections can be indexed
according to the existence conditions of the P-3cl tysonite
space group (Fig. 4).

cell without

. ZA[001] T zafoio]
Fig. 4 Typical SAED patterns of Lag sBag osF2.05 with two different zone axis.

3.2 Neutron diffraction

Refinements of neutron diffraction patterns were performed
by Rietveld method on three samples with x =0.03, 0.07 and
0.10. Several models of refinements were first tested on
Lag.ooBag 10F2.90 diagram for fluorine atoms in 12g, 4d and 2a
crystallographic sites: isotropic or anisotropic displacement
parameters, homogenous or inhomogenous repartition of
fluorine vacancies (occupancy rates) (see ESI).

4| J. Name., 2012, 00, 1-3
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Fig. 5 Experimental and calculated neutron patterns of LagoBao.10F2.90 powder.

According to the Hamilton test, the best refinement was
obtained with vacancies located on F1 site (12g) only (Table 2).
A very good match between the experimental and calculated
diagrams was observed with low reliability factors: R, =12.4,
Rwp =10.9 and Rg.ge = 3.2 (Fig. 5). This resulting model was
applied for x =0.03 and x=0.07 (see ESI). It must be noted
that the neutron and X-ray cell parameters line up very well
(see ESI). The atomic positions together with equivalent
displacement parameters are gathered in Table 2 and
interatomic distances are given as ESI. Cif files are available
from Inorganic Crystal Structure Database (#CSD-429735, CSD-
429736 and CSD-429737) and as ESI. All fluorine displacement
parameters increase in relation with growing fluorine disorder.
It is noteworthy that the largest B, values are associated to F1
and F3 atoms which could be related with their mobility (F1-
F3 >F1-F2 jump probability).43

Table 2 Reliability factors and atomic positions from neutron powder diffraction of
the La;xBa,Fs (0 < x <0.1) solid solutions.

La/Ba atom
Xga Site X y z Occ. Beg. (A2)
0.03 0.6615 (9) 0.97/0.03 0.72
0.07 6f 0.663 (1) 0 Y 0.93/0.07 0.93
0.10 0.664 (3) 0.90/0.10 0.99
F1atom
X8a Site X y z Occ. Beg. (A2)
0.03 0363 (1) 0.0502(6) 0.0811(6) 0985  1.82
0.07 12g 0355(2) 0.0422(9) 0.0812(6) 0965  3.14
0.10 0344(1) 0034(1)  00815(2) 095  4.06
F2 atom
Xga Site X y z Occ. Beg. (A%)
0.03 0.192 (1) 1 1.60
0.07 ad % % 0.198 (2) 1 241
0.10 0.2015 (8) 1 2.92
F3 atom
Xga Site X y z Occ. Beg. (A%)
0.03 1 3.32
0.07 2a 0 0 A 1 5.72
0.10 1 6.79

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Evolution of the (La,Ba)-F2 (blue diamonds) and (La,Ba)-F3 (red circles) distances
in the La;Ba,Fs, (0<x<0.10) solid solution. Data for LaF; are taken from previous
work.' The straight lines show the linear regressions (equations are given).

Neutron refinements show that vacancies
preferentially located on F1 site, in agreement with early NMR
studies.***** Moreover, it must be noted that no anomaly
affects the evolution of distances and angles. The coordination
polyhedron of (La,Ba) atoms is strongly distorted with 7 short
(La,Ba)-F distances (2.42-2.54 A), 2 intermediate distances
(2.64-2.75 A) and 2 long distances (3.00-2.87 A). Correlatively,
the tetrahedral F1 environment is also strongly distorted with
2 short Fl1-(La,Ba) distances (2.46-2.54 A), one intermediate
distance (2.64-2.74 A) and one long distance (3.00-2.87 A). The
(La,Ba)-F1-(La,Ba) angle dispersion is quite large and decreases
slightly with x from 33.1° to 29.1°.

Compared to the Sm,,Ca,Fs, solid solution,55 the z(F2)
coordinate shifts very slightly towards z = % as the substitution
rate increases. Thus, the buckling of N[Lal_xBaxF]z'x layers for
Ba-doped compounds is minimum for x = 0.10. (La,Ba)-F2 and
(La,Ba)-F3 distances exhibit a slight opposite evolution with x
(Fig. 6) from 2.417 and 2.443 A to a similar value (2.427 A). The
longest F-(La,Ba) distances are associated to F1 atoms while
the shortest distances are related to F2 and F3 atoms.

are

ctions -

COMMUNICATION

These distances and the location of vacancies on F1 sites
explain that the F1 subnetwork is the main contributor to
fluorine mobility. According to the evolution of F2,3-(La,Ba)
distances, it can be assumed that the F3 subnetwork
contribution to the fluorine mobility is probably higher than
that of F2 subnetwork and that both contributions converge
for x=0.10. The only structural hints to explain the
conductivity maximum at x=0.05-0.07 is found on the
evolution of F1-F distances with a crossover of F1-F1,2,3
distances close to 2.7 A (Fig. 7) together with a smaller
dispersion of F1-F1,2,3 distances which could be favourable to
F-F jumps.

3.3 "F Solid State NMR analysis

The La,Ba,Fs., solid solution is also characterized by F solid
state NMR in order to study the impact of the heterovalent
substitution of La®" cations by Ba®* cations on the F anions
environments and on F anion mobilities. The °F MAS NMR
spectra of LaFs, Lag 97Ba03F2.97, La0.9sBaoosF2.95, Lao.93Bao.o7F2.03
and LaggoBag1oF..90 are reported on Fig. 8. The fits of these
spectra are reported as ESI. As previously reported, the
spectrum of LaF; can be fitted with three resonances assigned,
on the basis of their relative intensities, to the three fluorine
crystallographic sites.**® The '°F isotropic chemical shift (8;s,)
value decreases when the coordination number (CN) of the
fluorine atom increases (6;;,(F2,3) (CN = 3) > §;;,(F1) (CN = 4))
and when the F-La bond lengths increase (5,,(F2) (2.417 A)*® >
8iso(F3) (2.444 A)*®). *°F MAS NMR provides an ideal method to
probe the local order in fluoride solid solutions.>**"®
Nevertheless, the case of the La; Ba,F;., solid solution seems
to be, at first sight, unfavorable since there are three fluorine
sites in LaF; and since the &, value of BaF, (-14.3 ppm,56 CN =
4,2.683 AGS) is in the range of the §;,, values of LaF;.

3.1 T T T T T ) ]
/ —+—FI-FI
3.0+ & —e—F1-F1 n°2
/ 4 FI-F1 2x
—s—FI1-F2
290 _—" —s—F1-F21°2
= —a—F1-F2n°3
v
- ¢ | ——FLF3
= —
% “74'
= ry
t 2.7 B — A " .
P Y
2.6 ]
2.5 T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12
X

Fig. 7 Evolution of F1-F distances in the Laj«BaxFs« (0 <x <0.1) solid solution. Data for
LaF; are taken from reference.’®

This journal is © The Royal Society of Chemistry 20xx

F2 F3

F2,F3La,Ba

[T TR, . \ SO SO ... I

75 50 5 0 -25 -50 -75

9F frequency (ppm)
Fig. 8 F MAS (64 kHz, 64°C) NMR spectra of (a) LaFs, (b) LapssBanosFas, (C)
Lao.9sBac.osF2.05, (d) Lao.ssBao.orF2.93 and (e) Lag.eoBao.10F2.00. The dashed lines indicate the
3 Siso Values of the resonances of F1, F2 and F3 in LaF; and of F2 and F3 atoms
surrounded by 2 La and 1 Ba atoms in Lag.97Bao.03F2.97.
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Moreover, local disorder, leading to a broadening of the NMR
lines, is expected since the heterovalent substitution generates
fluorine vacancies and that both cations have different ionic
radii. For x =0.03 and x = 0.05, the NMR resonances of F2 and
F3 remain resolved and a shoulder around 40 ppm is clearly
evidenced; its relative intensity increases with x. As expected,
the NMR resonance assigned to F1 broadens when x increases
and, as recently observed on mecanosynthesized samples,so'35
moves toward larger chemical shifts (Fig. 9).

Such an increase of the chemical shift of the NMR
resonance assigned to F1 has been explained either by the
substitution of the La atoms coordinating F1 by Ba atoms>° or
by exchange between F1 and F2,3 sublattices.*® Nevertheless,
in these recent studies, the NMR spectra are not fitted and the
relative intensities of the NMR resonances are not discussed.
Moreover, in ref. 35, these relative intensities are altered from
expected populations. The exchange between F1 and F2,3
sublattices is supported by a variable temperature ¥F MAS
NMR study on LaF; and Lao.ggSrosz.gg.43 Exchange between
two sites at a frequency greater than the separation of the two
resonances (12.5 kHz between F1 and F2,3 for Lag gyBag o3F2.97)
should result in a single resonance whose chemical shift is
intermediate between the two resonances.® Nevertheless, F1-
F1 exchanges being considerably faster (about two order of
magnitude in Lal_xerF3_x42) than F1-F2,3 exchanges, exchange
between F1 and F2,3 results in a shift toward larger frequency
of the NMR resonance assigned to F1 and in a decrease of the
relative intensity of the F2,3 resonances (not resolved on
mecanosynthesized samplesso’gs). For x > 0.03, the deviations
between expected (from formulation considering fluorine
vacancies on F1 site) and estimated (from the fits of the NMR
spectra recorded at 64°C) relative intensities of the F NMR
resonances assigned to F1 and F2,3 (see Table 3 and ESI)
demonstrate the occurrence of F1-F2,3 exchanges.

The fraction ((Iexpected - Iestimated)/lexpected) of mobile
F2 and F3 atoms at 64°C in La,,Ba,F;, solid solution increases
with x from x = 0.03 (Table 3). These F1-F2,3 exchanges being
moderate at 64°C, especially for the samples with resolved F2
and F3 NMR resonances (x = 0.03 and x = 0.05), our 9F MAS
NMR spectra do not allow to evidence a difference between
F1-F2 and F1-F3 exchanges.

At the opposite, Grey et al. have shown by variable
temperature F MAS NMR on LaF; and Lag goSrgo1F,.99 that F1-
F3 exchanges are faster than F1-F2 exchanges since the
relative intensity of the NMR line assigned to F3 starts to
decrease at lower temperatures than the one assigned to 2.3
Owing to the absence of mobile F2 and F3 atoms for x = 0.03,
the shift that affects the F1 peak can only be due to the
substitution of La atoms by Ba atoms for this composition.
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Fig. 9 Average and weighted 3 8iso values of the NMR resonances used for the fits and
assigned to F1 (black) and to F2 and F3 (red) in La;4BaxFsx as a function of x. The
dashed black line represents the calculated linear correlation for the ok 8iso values of
the NMR resonances assigned to F1 and corresponds to the equation reported on the
graph.

For the following compositions, this substitution has also a
significant impact on the chemical shift; the variation of the
chemical shift is coherent with the larger §;,, value of BaF, (-
14.3 ppmss, CN =4, 2.683 ASS) as compared with the §;, value
of F1 in LaF; (-23.1 ppm, CN = 4, 2.458 A, 2.489 A, 2.638 A and
3.003 Als). For the three-fold coordinated F2 and F3 atoms,
the Ba substitution has a lower impact on the §;,, values than
on four-fold coordinated F1 atom: the short F2,3-La bond
lengths (2.417 and 2.444 A in LaF;) cannot be accommodated
by Ba atom. A smaller increase with x of the average and
weighted 19 8iso Values of F2 and F3 atoms (in comparison
with F1) is then evidenced (Fig. 9). However, according to
Duvel et al.,, the chemical shift of F2,3 decreases when x
This  disagreement from  their
determination of these chemical shifts from the maxima of

increases.” comes
asymmetric lines. The shoulder, which has not been observed
by Duvel et al.,50 has been assigned by Rongeat et al®® to "F
anions from more disordered regions" but there is no obvious
link between disorder and increase of chemical shifts. We
assign this shoulder for x = 0.03 and x = 0.05 to a part of the F2
and F3 atoms surrounded by two La atoms and one Ba atom
since its relative intensity (see ESI) is inferior to the probability
of occurrence of the F2,3La,Ba species (Table 4). Indeed,
whatever the x value, the NMR resonances assigned to F2 and
F3 overlap and they broaden when x increases. For x > 0.05, F2
and F3 resonances are no longer resolved in relation with
increasing disorder and in agreement with F2 and F3 sites
becoming similar (see F2-(La,Ba) and F3-(La,Ba) bond lengths
on Fig. 6).

Further insights on chemical exchange processes can be
obtained with the 2D EXSY NMR experiment”'m'69 since a

Table 3 Relative intensities (I, %) of the °F NMR resonances assigned to F1 and F2,3, expected from formulation considering fluorine vacancies on F1 site and estimated from the

fits of the NMR spectra recorded at 64°C (see ESI) and fractions of mobile F2 and F3 atoms (%) in La;.\Ba,F3x compounds

X 0.03 0.05
Site F1 F2,3 F1
Expected | 66.3 33.7 66.1
Estimated | 66.4 33.6 67.8
Mobile F2 and F3 atoms 0.2 5.0
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0.07 0.10
F2,3 F1 F2,3 F1 F2,3
33.9 65.9 341 65.5 345
32.2 68.3 31.7 69.4 30.6
7.1 11.3

This journal is © The Royal Society of Chemistry 20xx



dton: Tra

Journal Name

ctions -

COMMUNICATION

Table 4 Probabilities of occurrence (%) of the FLas.Ba, (F = F1) and FLaz.,Ba, (F = F2 or F3) species in La;..Ba,Fs., based on a random distribution of Ba on the 6f site.

X F site FlLag FLasBa FLa,Ba; FLaBas FBay
0.03 F1 88.5 11.0 0.5 0.0 0.0
0.05 F1 81.5 17.1 1.4 0.0 0.0
0.07 F1 74.8 22.5 2.5 0.1 0.0
0.10 F1 65.6 29.2 49 0.4 0.0

X F site FLas FLa,Ba FLaBa, FBas
0.03 F2 or F3 91.3 8.5 0.3 0.0
0.05 F2 or F3 85.7 13.5 0.7 0.0
0.07 F2 or F3 80.4 18.2 1.4 0.0
0.10 F2orF3 72.9 24.3 2.7 0.1

greater range of correlation times can be accessed. To avoid
the presence of a cross-correlation peak due to a 9 spin
diffusion process (i.e., a magnetization transfer through
homonuclear *°F dipolar couplings)m'73 ultrafast MAS (44 kHz)
and short mixing times (< 5 ms) were employed.73"74 EXSY NMR
experiments were applied only to Lagg;BagoesF.ge; and
Lag.gsBagosF,.95 because for x > 0.05, F2 and F3 resonances are
no longer resolved. The results are similar for both
compositions and only the spectra of Lag g7Bag o3F,.97, recorded
at 40°C and with different mixing times (Fig. 10), are then
discussed. At short mixing delay (100 ps), the spectrum (not
shown) contains only diagonal peaks. For a longer mixing time
of 250 us (Fig. 10a), F1 and F2,3 cross-peaks are observed,
revealing chemical exchange between the corresponding sites
on the time scale of the mixing time (with a correlation time
100 ps < 1< 250 ps).
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Fig. 10 2D E MAS (44 kHz) EXSY spectra of LageyBago3F2.07 recorded at 40°C and with
mixing times of (a) 250 ps, (b) 500 s, (c) 2 ms and (d) 5 ms. Top spectra, on which *°F
NMR lines are labeled, are the full projection on the *>F MAS dimension. The thick solid
line indicates the diagonal of the spectra and dash lines show fluorine-fluorine cross-
correlations.
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As expected, (Fig. 10), the cross peaks become more intense
compared to the diagonal peaks when the mixing interval
increases.®® The spectra recorded with the longest mixing
times (Fig. 10 ¢ and d) also evidence cross-peaks between F2
and F3 resonances revealing, for the first time, chemical
exchange between the corresponding sites, with a correlation
time t. < 2 ms. Direct F2-F3 chemical exchange being unlikely
since the shortest F2-F3 distances are equal to 4.178 A, F2-F3
chemical exchange requires two successive jumps through F1,
and then appears for longer mixing times. Unfortunately, no
difference between F1-F2 and F1-F3 exchanges is evidenced
from 2D EXSY MAS *°F NMR spectra for the studied La;.,Ba,Fs.,
solid solutions. One possible explanation is that the intensity of
the F1-F3 exchange remains too low (in part as a result of the
low multiplicity of F3 atom) to emerge from the background
noise for selective F1-F3 exchange mixing times (such that F1-
F2 exchange does not occur).

3.4 Anion conductivity

All impedance diagrams at 25°C present a similar profile to
that of Fig. 11 whatever the composition of the samples La;.
«BayF3 (x =0.03, 0.05, 0.07 and 0.10). They are composed of
two depressed semi-circles and a straight line at low
frequency, due to polarization phenomena at the ion-blocking
electrodes. The diagrams were fitted using an equivalent
circuit based on two resistances and capacities in parallel,
associated in series (inset in Fig. 11) for the electrolyte
contribution. The straight line corresponding to the blocking
electrode was also fitted using a CPE element in serie. The high
and medium frequency semi-circles were assigned to the
impedance of the bulk (B) and the grain boundaries (GB)
contributions, respectively.

The conductivity was determined from the ceramic
resistance (Rpeiet = Rs + Rgs) according to the equation:
o= (1/Rpellet) *e/S (e is the thickness and S the surface of
the pellet). The Arrhenius-type law ¢.T = gg.e(Ea/RT) in
which o, is the pre-exponential constant factor, is satisfied for
all 4 samples as shown in Fig. 12. The activation energy E,
together with the conductivity o at room temperature (RT) are
reported in Table 5 (see ESI).
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Fig. 11 Impedance diagram obtained at 25°C for a sintered pellet of LagosBao.osF2.9s-
Numbers indicate the log of the measurement frequency (e.g. 5 <=> 10° Hz). Inset:
equivalent circuit used to fit the experimental data.

It can first be outlined that the ionic conductivity values at RT
are very close to those reported previously on single crystals
(= 6.10° vs 10™* S.cm™ at RT for L30.93B30‘07F2_93)23 and almost
two orders of magnitude higher than those reported on cold-
pressed pelletsss. The activation energy values lie between 0.2
and 0.4 eV. The maximum of conductivity at RT is observed for
a composition close to x=0.05-0.07 as previously reported
(see introduction). Two implemented shaping processes of
powdered LaggsBagosF,o5 were tested and compared to the
sintering process at 900°C: cold uniaxial pressing and cold
uniaxial and isostatic pressing (see 2.5). For the UP pellets, the
obtained impedance diagrams were quite different to that of
sintered pellets: only one semi-circle was observed at room
temperature and the polarization line was scarcely visible.

T(°C)
300 250 200 150 100 50
1.0 T T T T T 10
- L Previous studies
ST e % x =0,07 (single crystal)
00d Vv :, x=0,1 (cold-pressed pellet) | ;
'S v
-0.54 L
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e 1] Jo1 g
C S
5 154 X
g )

-20+ Sintered pellets 4001 =

25 = x=003 o

i e x=0,05
304 | 4 x=007
v x=01 4 1E-3
-354
T T T
20 25 30 35

1000/T (K”)

Fig. 12 Arrhenius plot of the conductivity for the La;.,BaxFsx samples synthesized by
ceramic way and shaped by cold-uniaxial pressing, cold-isostatic pressing and sintering
(dots + fitting lines). The values taken from the previous studies are represented by the
green” and blue® lines.
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Table 5 Activation energy E, and conductivity o of sintered La;,BasF.

X 0.03 0.05 0.07 0.1
Ea (eV) 0.21 0.34 0.26 0.28
0 atRT (10°S.cm™) 2.80 450 5.71 2.70

The IP pellets led to similar Nyquist diagrams but with better-
defined polarization line and semi-circle (ESI).The deduced
ionic conductivities are very low. The activation energies are
slightly higher than that of the sintered sample (Table 6). As
reported on Fig. 13, the IP pressing increases the conductivity
of UP pellet by a factor 4 but the conductivity remains far from
that of the sintered pellet. Due to the measurements
temperature rise, the losses in fitting precision were ever
higher above 150°C. Assuming this, the main capacity deduced
from the impedance diagrams was close to Cg = 10™° F for the
first semi-circle of the sintered pellet. Such capacitances could
be assigned to the mobility of vacancies in the bulk, whereas
their mobility in the grain boundaries is seemingly visible in the
second semi-circle (Cgg= 2.10'9F). The stability of the bulk
capacity allows also to consider the LaggsBagosFs.o5 product
chemically stable over temperature in our low measurements
range (ESI). However, the relaxation frequency data are mostly
related to the inter-granular phenomena, as they always
correspond to frequencies lower than in the grains (100 times
lower for the sintered pellet). These GB-frequencies are
thermally activated and show an Arrhenius-type behaviour
(ESI).

The inter-grain contact area induced by cold pressing
methods is clearly insufficient to insure optimal conduction
paths. Even if the isostatic pressing reduces the porosity, it
fails to allow chemical bonding between grains. A sintering
step is then necessary to reach sufficient conductivities for RT
FIB application.

Table 6 Influence of the shaping process on the activation energy E, and conductivity
o of LagesBagosFa.es.

Sample Uniaxial Uniaxial and Both pressing and
parameters pressing isostatic pressing sintering
Ea (eV) 0.36 0.43 0.34

oatRT
B a 0.041 0.178 4.50
(10”S.cm™)
T(°C)
300 250 200 150 100
1 T T T T . 10
- > F
9 A e 41
- . =
.
14 .. . - -~
* - 401 7
g . o
] . . 4001 ';
3
L] o
A Sintered pellet -
® Isostatically-pressed pellet = 1E-3
“71 |__=_ Unidally-pressed pellet
2:0 2:5 JTO 35
1000/T (K)

Fig. 13 Arrhenius plot of the conductivity for an only cold-uniaxial pressed pellet, a
cold-uniaxial and cold-isostatic pressed pellet and a sintered pellet of Lag ¢sBag.osF2.05-
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Conclusions

From X-ray and neutron diffraction experiments, accurate
cell parameters (x<0.15), obeying to Vegard’s laws, and
atomic position parameters (x =0.03, 0.07 and 0.10) were
determined for the tysonite-type solid solutions La;,Ba,Fs.,.
The samples were prepared by solid state synthesis, eventually
followed by water quenching. The chemical pressure induced
by large Ba’* cations leads to an increase of the unit cell
parameters. Anionic vacancies are localized on the F1-site that
is the main contributor to fluorine mobility. From F-(La,Ba)
distances, the F3 subnetwork contribution is assumed to be
higher than that of F2 subnetwork for x<0.10. A small
variation of the buckling of M[Lal_xBaxF]z'x layers and no
significant evolution of the distorted tetrahedral environment
of F1 are observed. The crossover of F1-F1,2,3 distances close
to 2.7A together with a smaller dispersion of F1-F1,2,3
distances are the only structural features which could explain
the conductivity maximum at x = 0.05-0.07. The F MAS NMR
spectra show the occurrence of F1-F2,3 exchanges in the La;.
«Ba,Fs solid solutions, at least for x>0.03, at 64°C. The
fraction of mobile F2 and F3 atoms increases with x from
x=0.03. 2D EXSY NMR spectra of LaggsBagesF,g7 reveal
chemical exchange between F1 and F2,3 sites
(100 us < T < 250 ps) and, for the first time, chemical exchange
between F2 and F3 sites (1. < 2 ms) requiring two successive
jumps. The ionic conductivity on sintered pellets is maximum
around x = 0.05-0.07, in agreement with most of the previous
work on single crystals. Moreover, when considering the
feasibility of FIBs, we stressed the point of the usefulness of
sintering to reach high ionic conductivity values. The cold
pressing methods are clearly insufficient to reach ionic
conductivity required for FIB electrolytes. This study is
currently used as referential for the investigation of
nanostructuration of La;_Ba,Fs., solid solutions
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