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ABSTRACT: Batteries based on a fluoride shuttle (fluoride ion battery, FIB) can
theoretically provide high energy densities and can thus be considered as an
interesting alternative to Li-ion batteries. Large improvements are still needed
regarding their actual performance, in particular for the ionic conductivity of the
solid electrolyte. At the current state of the art, two types of fluoride families can be
considered for electrolyte applications: alkaline-earth fluorides having a fluorite-type
structure and rare-earth fluorides having a tysonite-type structure. As regard to the
latter, high ionic conductivities have been reported for doped LaF; single crystals.
However, polycrystalline materials would be easier to implement in a FIB due to
practical reasons in the cell manufacturing. Hence, we have analyzed in detail the
ionic conductivity of La;_,Ba,F;_, (0 <y < 0.15) solid solutions prepared by ball
milling. The combination of DC and AC conductivity analyses provides a better
understanding of the conduction mechanism in tysonite-type fluorides with a
blocking effect of the grain boundaries. Heat treatment of the electrolyte material
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was performed and leads to an improvement of the ionic conductivity. This confirms the detrimental effect of grain boundaries
and opens new route for the development of solid electrolytes for FIB with high ionic conductivities.
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1. INTRODUCTION

Energy storage is one of the key steps in establishing the energy
transition from fossil fuels to renewable energies. In particular,
efficient electricity storage, i.e., in batteries, is needed to buffer
the energy production cycles of renewable sources and also for
mobility applications. Li-ion batteries are a mature and
advanced technology,l’2 and new research directions™ are
aiming at further improvements of the battery performance.
Therefore, alternative technologies are investigated based on
different chemistries using, for example, sodium,’ magnesium6
or chloride” as charge transfer ions in secondary batteries.

Recently, the principle of a secondary battery based on a
fluoride shuttle (fluoride ion battery, FIB) was demonstrated.®
Depending on the electrochemical couple, theoretical energy
densities are offered of more than 5000 Wh-L™'. A critical
component to obtain good cycling properties of the FIB is the
electrolyte, which should provide fast F anion conduction. Solid
electrolytes operating at elevated temperatures can be used for
that purpose.” The high ionic conductivity of certain fluoride
salts has been studied for a long time already.'”"* The
conductivity depends strongly on the structure of the fluoride,
which determines the type of defects (F anion interstitials or
vacancies) involved in the migration process through the
crystals.” '
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Two types of fluoride families show particularly high ionic
conductivity and are suitable for battery applications:
compounds having fluorite-type (Fm-3m) or tysonite-type (P-
3cl) structures. Alkaline-earth (Ca, Ba, Sr) fluorides have a
fluorite-type structure and some of the rare-earth fluorides (RF,
with R = La, Ce, Pr and Nd) show a tysonite-type structure. A
large variety of compositions has been investigated, mostly
single crystals of doped fluorite- or tysonite-type fluorides.
However, it has also been found that polycrystalline
compounds can have high conductivities, especially when
having a nanostructure.'®"” In a previous work, we studied in
detail the conductivity mechanism in nanostructured
Ba, ,LaF,,, solid solutions having a fluorite-type structure.'®
We demonstrated that the high conductivity is governed by the
migration of vacancies along the grain boundaries that provide
fast migration paths. Nanocrystalline compounds prepared by
ball milling had higher conductivity than single crystals of the
same compositions. We also reported that for the compound
LagoBay, F,o having a tysonite-type structure, the conduction
mechanism is different as the presence of grain boundaries
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appears detrimental for ionic conduction. The aim of the
present study is to perform a detailed study of the conductivity
mechanism in La,_Ba,F;_, solid solutions and to better
understand the role of the grain boundaries.

Among tysonite-type fluorides, the highest conductivities
have been reported for single crystals of LaF;- and CeF;-based
solid solutions (e.g, 1.2 X 107> S-cm™" for LaggsStosF, 95 and
1.5 X 1072 S-em™! for CeyggSroaFaog at 400 K (127 °C)").
For pure LaF;, the conductivity is slightly anisotropic with a
higher conductivity in the direction parallel to the c-axis than
perpendicular to it."' The anisotropy disappears for higher
temperatures or after doping LaF; with aliovalent fluorides. In
addition, in the tysonite-type structure, F anions are located in
three nonequivalent positions, F1, F2 and F3, and participate
differently to the conduction mechanism. The ratio of F atoms
in the different positions is 12:4:2 for F1, F2 and F3,
respectively. However, the F2 and F3 positions show in fact
very similar behavior and are often treated as structurally and
dynamically equivalent (F2+F3 subsystem).*

The formation of F interstitials in a tysonite-type crystal is
very unlikely because the interstitials sites in the tysonite-type
structure are very small (0.84 A and for F anion, radius is 1.19
A)?" The intrinsic defects in the tysonite-type structure are
rather Schottky defects (cation vacancy associated with anion
vacancy) and the anion conduction is a vacancy mechanism,
which is different to what has been described for doped fluorite-
type BaF,.">** At low temperatures, the conductivity is
controlled by the exchange of F vacancies among the F1
subsystem. The activation energy decreases above 400—450 K
(130—180 °C), indicating a change in the conductivity
mechanism with additionally exchanges of F vacancies between
the F1 subsystem and the F2+F3 subsystem.'”*>** However,
mobility in the F2+F3 subsystem itself remains small. At even
higher temperatures, above 700 K (420 °C), the activation
energy increases again and the conduction mechanism involves
F anions exchanges between all three positions F1, F2 and
F3.2024

As for the fluorite-type compounds, the conductivities are
drastically improved by doping. Most of the results published
reports on R;_,M,F;_, single crystals (R = La or Ce and M =
Ba, Sr or Ca), which are obtained by mixing RF; with MF, in
different concentrations.”*** However, the solubility of dopant
is limited in tysonite-type compounds (up to 10—15 mol %>°).
For reasons of electroneutrality, the introduction of bivalent
cations leads to the formation of F vacancies. For low
concentrations of dopant, the conductivity increases with y
and the activation energy decreases. This is mainly related to
the formation of an increasing number of defects which are free
to migrate. The conductivity reaches a maximum at the
percolation threshold (ca. y = 0.07 for BaF, in LaF;).*! From
this value, the activation energy for ionic conduction remains
somehow constant but the vacancy migration is hindered by the
presence of too many vacancies, leading to the formation of
defect clusters. Few works have been published on polycrystal-
line LaF;. Sobolev et al.”” have prepared LagzCag,F, g by ball
milling. This quantity of CaF, is actually above the solubility
limit of CaF, in LaF;. Different milling conditions were used
using a planetary mill but the ionic conductivity was almost not
affected by them. The conductivity values stayed close to 5 X
107 S-em™! at 200 °C, but the activation energy was higher
than reported for doped LaF; single crystals. For fluorite-type
fluorides as CaF,, the conductivity measured for nanoparticles
has been found higher than for the same material having larger
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grains.'® On the contrary, for nanoparticles of LaF;, the
conductivity decreases and the activation energy increases
compared to single crystals.*®

Here, we investigate the ionic conductivity of La,_,Ba,F;_, (0
< y £ 0.15) solid solutions prepared by ball milling. The
combination of DC and AC conductivity analyses provides a
better understanding of the conduction mechanism in tysonite-
type fluorides. The blocking effect of the grain boundaries for
such compounds is considered regarding the effect of grain size
in the compounds and the improvement of the conductivity by
the tuning of this grain size is discussed.

2. EXPERIMENTAL SECTION

a. Materials and Methods. Sample Preparation. To prepare the
solid solutions, La,_,BaF;_, (0 <y £0.15), we used ball milling of a
mixture of (1 — y) LaF; and y BaF,. The starting powders were dried
at appropriate temperatures in vacuum for several hours prior to
milling. For all compositions, 12 h milling at 600 rpm in a Si;N, vial
(ball-to-powder ratio 12:1) was enough to obtain a single phase solid
solution with a tysonite-type structure.

For sintering treatment, pellets (13 mm diameter, ca. 1 mm
thickness) of Lay4Bay,F, powder were pressed in air and then dried
in vacuum for several hours before being placed in a quartz tube under
Ar atmosphere. The tube was heated to 800 °C at 20 °C-min™" and the
temperature was maintained for 2 h before cooling down.

X-ray Diffraction (XRD). XRD measurements were performed using
a Bruker D8 Advance instrument with Cu Ka radiation. Rietveld
refinement was performed using the MAUD (Materials Analysis Using
Diffraction) software package developed by L. Lutterotti.”

Nuclear Magnetic Resonance (NMR). Powdered samples were
filled into 1.8 mm rotors for '’F-NMR magic angle spinning at 40 kHz
on a Bruker Avance NMR spectrometer with '°F resonance frequency
of 338 MHz. 90°/180° pulse lengths of a home build 1.8 mm probe
were adjusted with 180 W to 0.8/1.6 us. Rotor synchronized Hahn-
echo experiments were applied to diminish '’F background. The
experimental repetition time was set to 4 s. Around the rotor, the air
temperature was set to 300, 310, 320, 330, 340, and 350 K, which
resulted (because of heating due to spinning) in sample temperatures
of 318, 327, 336, 345, 354 and 363 K. "F-spectra were referenced to
NaF (aqueous solution).

Electrochemical Impedance Spectroscopy (EIS). Ionic conductivity
was measured by impedance spectroscopy on 13 mm diameter pellets
pressed at 10° N and coated with Au on both sides as ion-blocking
electrodes. The thickness of the pellets was measured prior to each
measurement and was close to 1 mm. For EIS measurements on
sintered samples, the sintered pellets were directly coated with Au after
heating. The measurements were performed between room temper-
ature and 200 °C in dynamic vacuum using a Zahner IM6 device and a
frequency range of 8 MHz to 1 Hz (10 mV amplitude). The
impedance spectra were fitted using the software EIS Spectrum
Analyser®® using the equivalent circuits described in the Results and
Discussion.

b. Analysis of the Conductivity. In solid electrolytes,> DC ionic
conductivity appears due to the presence of defects and their migration
through the crystal and may be written as follows:*>~>*

a2¢’N, i,

o= T

(1)
with a as the hopping distance, q the electronic charge, k the
Boltzmann constant, T the absolute temperature, N, the charge carrier
concentration and f; the ion hopping rate. These two last parameters
are temperature dependent and follow Arrhenius laws:

N, = Nyexp(—AH,/kT) )

A =f0exp(—AHm/kT) (3)
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with Nj as the carrier concentration at infinite temperature and AH,
the enthalpy for creation of mobile charge carriers, f, the fundamental
vibrational frequency in the lattice (also called attempt frequency:
number of times per second the ion attempts to move®*) and AH,, the
migration enthalpy.

Combining these equations, we obtain

)=

with o, as the pre-exponential factor and E, the activation energy.

Studies about ionic conductivity typically show plots of log(opcT)
versus 1/T and give the activation energy (slope) and the pre-
exponential factor (intercept). Moreover, the analysis of the frequency
dependent AC conductivity 6(f) as a function of the temperature
allows the determination of f;, AH,,, AHy, N, f,, N, The method
used for AC conductivity analysis has been described in a previous
study.'®

Ionic conductivity is often measured by EIS*® in a blocking-
electrodes setup. For polycrystalline ionic conductors, the impedance
spectrum in the complex plane (Nyquist plot) is §enerally composed
of two semicircles and a tail at low frequency.'® The semicircle at
higher frequencies is generally related to bulk phenomena, here ionic
conduction in the grains, the second semicircle is related to
conduction in the grain boundaries and the tail at low frequency to
the polarization of the electrodes.***” Each semicircle can be fitted
using an equivalent circuit composed of a resistance and a capacitance
in parallel, the tail can be described by a pure capacitance. To fit the
complete impedance spectrum all these elements are connected in
series. Experimentally, pure capacitances are seldom used because the
semicircles obtained are often depressed and the tails are tilted straight
lines. This is mainly due to surface roughness or nonuniform reaction
rates. Thus, in equivalent circuits used to fit measured impedance
spectra, capacitances are replaced by constant phase elements (CPE),
which impedance is given by Z*(CPE) = 1/Q(jw)".

Opc =

a’ "Ny, AH, + AH,,
ex‘p -
6kT kT

(4)

3. RESULTS AND DISCUSSION

a. Synthesis of Doped-LaF; Compounds. Samples of
La,_,BaF;_, with y = 0, 0.0S, 0.1 and 0.1S were prepared by
ball milling. The XRD patterns of all samples are given in
Figure 1. After 12 h of milling, only reflections corresponding

e
La, BaF, (as-milled)

y=0.15

Intensity /a.u.

20 70 80

‘40 50 60-
20 [Cu Ka] /°

Figure 1. XRD patterns for ball-milled La,_,Ba F;_, samples (0 <y <
0.15).

to a tysonite-type structure were obtained. The peak positions
slightly shift to lower angles with the dopant content. The
lattice parameters increase with y as expected because of the
presence of an increasing amount of Ba** having a larger size
than La**. The peaks obtained after ball milling were broadened
because of the small crystallite size (10—20 nm) and the strain
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created during milling. The cell parameters and crystallite sizes
determined by Rietveld refinement are given in Table 1.

Additional information about the different samples is given
by NMR spectroscopy (Figure 2). The NMR spectrum for ball
milled LaF; was composed of a single peak at —23.5 (—23.6)
ppm of higher intensity than the double peak at 24.9 (25.3)
ppm (with a shoulder at ca. 17 ppm), in agreement with earlier
reports.®®** A BaF, peak would be expected around —14.3
ppm. The peak with higher intensity represents the F anions in
F1 positions and the double peak represents the anions in F2
and F3 positions, which can hardly be distinguished.
Unfortunately, here the relative peak integrals of F1 and
F2+F3 alters from expected populations (ratio 12:4:2 for
F1:F2:F3)*° due to the usage of Hahn-echo experiment. The
resulted peak ratios are influenced by the different relaxation
behaviors of the different sites.

Nevertheless, the variation of the intensity ratios for different
quantity of dopant indicates a change of the anion populations
in the sites F1 and F2+F3, which is probably linked to the
presence of vacancies.”® The presence of these vacancies makes
the exchange between the F1 and F2+F3 sublattices easier. This
has already been reported considering the lower onset
temperature found for a change of the conductivity mechanism
from vacancies motion within the F1 sublattice only to the
exchange between F1 and F2+F3 sublattices.”® In addition, the
peak position of F1 gives information about F1-F2+F3
exchange rates, which are in the range of 107*-—107° s.
Increased doping continuously shifts the F1 peak to higher
frequencies, indicating a higher mobility.*® The approach of F1
peak to F2+F3 peak reveals an easier exchange of anions
between F1 and F2+F3 positions mostly because of the
presence of an increasing number of defects. This gradual
change in the chemical shift difference between the two peaks
with increasing y has also been observed for doped-CeF;
samples.>?

b. lonic Conductivity in the As-Milled Compounds.
The DC ionic conductivity was calculated from the electrolyte
resistance determined by EIS. The impedance spectra obtained
for the different samples and at different temperatures were all
composed of a semicircle at high frequency and a straight line at
low frequency (Figure 3ab). The spectra were all fitted using
the equivalent circuit given in Figure 3c'*** and the results are
given in Table S1 for the spectra at 30 °C (see the Supporting
Information). The electrolyte resistance is given by the
resistance of the semicircle at high frequencies. All correspond-
ing capacitance values determined by fitting lie in the range
corresponding to grain boundary phenomena®® At low
frequencies, the straight lines are related to polarization
phenomena at the interface electrolyte/electrodes.

The conductivities calculated from the electrolyte resistances
at different temperatures are given in Figure 4 for all samples.
The values of activation energy, E,, and pre-exponential factor,
0y, are obtained from eq 4 and given in Table 1. In this table are
also given the values of migration enthalpy AH,, defect
formation enthalpy AH, and attempt frequency f, obtained
from the AC analysis of the impedance results. For tysonite-
type compounds, the hopping distances a can take different
values because of the different F anion positions in the crystal.*'
It is therefore not straightforward to calculate the concentration
of mobile defects according to eq 4.

For all compositions, the conductivity values are much lower
than those reported for single crystals. This is mainly related to
much higher activation energies (Table 1). Note that the
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Table 1. Summary of the Crystal Structure Analysis and Conductivity Parameters for As-Milled La,_,Ba F;_, Samples”

sample La,_BaF;_, Bay¢LagF, 4
y 0 0.05 0.1 0.15

cell parameters (A) 7.18 7.20 7.22 7.24 6.07
7.35 7.37 7.39 7.41

crystallite size (nm) 21 14 13 10 21

Opc at 160 °C (107* S-em™) 0.0165 0.993 2.81 2.05 1.88

E, (eV) 0.26° 0.55 0.55 0.60 0.58
0.66°

6, (10° S-K-em™) 6.107% 1.56 3.54 9.50 4.90
0.38°

AH,, (eV) 0.26" 0.55 0.52 0.58 0.54
0.66°

AH, (eV) 0 0 0.03 0.02 0.04

fo (10" Hz) 1.7 x 10%° 5.90 329 20.4 19.4
10.1°

E, (eV) single crystal 0467 (1) 0.37-0.38 0.36-0.377 0.58°
043¢ (//)

“The results obtained for fluorite-type Bag¢Lag,F, 4 are given for comparison.'® “For T < 80 °C. “For T > 80 °C. “From ref 21 (1) conduction
perpendicular to the c-axis, or (//) parallel to the c-axis, activation energies for x = 0.01—0.03 (average 0.02) and x = 0.06—0.09 (average 0.07).

“From ref 18.

La, BaF,

F2+F3:

Normalised intensity

200

150 100 50 i
O( F)/ppm
Figure 2. '’F NMR spectra for La;_,Ba F;_, ball-milled samples (0 <y

< 0.15) at room temperature. The asterisks indicate the spinning side

bands.

conductivity values given there are very reproducible between
several pellets and several milling batch. The highest
conductivity is obtained for the sample LaygBaj;F,s For
pure ball-milled LaF;, two regions in the Arrhenius plot can be
seen with a change of slope around 80 °C. At low temperature,
the activation energy is lower than at higher temperatures. This
could indicate two different conduction mechanisms, but they
appear to be opposite to what has been reported for single
crystals (lower activation energies observed at higher temper-
atures).”> However, for pure LaF; and at temperatures below
80 °C, the impedance spectra measured are highly distorted
due to the very high impedance values measured (>10° Q) and
the limitations of our measuring instrument. It is therefore
possible that some errors occurred during fitting because
extrapolations are necessary and the electrolyte resistance could
be underestimated. These results will thus not be discussed
further here.

The values of activation energies are similar for all doped
samples (0.55—0.60 eV) and are also similar to the values
obtained for BaF,-doped compounds."® NMR T,-relaxation
measurements, which mostly represent the signal dominating
bulk core material gave much lower values in the range of 0.1—
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0.25 eV, which correspond to results from previous
investigations.”® This may be an indication that the conduction
is also controlled by vacancies in the grain boundaries and
would mean that the vacancies in the grain boundaries are not
as fast as those present in the grains and created by doping.
Unfortunately, fundamental studies about vacancies migration
in tysonite-type fluorides are lacking so that the origin for this
behavior remains unclear at the moment. It is possible that the
vacancies in the grain boundaries are intrinsically not as mobile
as those present in the grains, which could explain the
comparable activation energies found for all ball-milled samples.
Nevertheless, there should be some influence from the defects
present in the grains as significant changes are found for the
different compounds; the activation energies are always lower
for the compounds having the lower activation energy in the
single crystals. The mechanism of such an influence is not clear
yet. In addition, the attempt frequency is also comparable in all
samples pointing to a similar mechanism of conduction in all
samples; the values determined here are typical for vibrations of
the lattice 10'>~10"> Hz.** The activation energy and migration
enthalpy are the lowest for LajoBay F,o, which shows the
highest conductivity values. The conductivity value decreases
with higher dopant content as also reported for single crystals.**
This is probably related to the formation of vacancies clusters
which may affect the grain boundaries as well.

c. Effect of Sintering. Sintering of polycrystalline
compounds is a common method to improve the ionic
conductivity. This appears to be interesting for tysonite-type
samples as the conductivity is rather slowed down by the grain
boundaries. As a first study, two pressed pellets of LajoBay,F, o
(tysonite) and BaggLag,F, 4 (fluorite) were heat treated at 800
°C for 2 h to promote grain growth. Additionally, for the
sample LagoBa, F, o, one pellet was sintered for 20 h to study
the effect of the sintering time. The conductivity was measured
by EIS as described above. The XRD patterns of the sintered
samples are given in Figure 5. The results of Rietveld
refinements for these patterns are given in Table 2.

The increase in grain size is clearly seen in the XRD patterns
by the sharpening of the diffraction peaks. Rietveld refinements
gave a crystallite size larger than 70 nm for all samples. For the

dx.doi.org/10.1021/am4052188 | ACS Appl. Mater. Interfaces 2014, 6, 2103—2110
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Figure 3. Complex plane plots obtained (a) at 30 °C (inset: enlargement of the low resistance area) and (b) at 100 °C for the samples LayBay,F, o
as-milled and sintered for 2 h at 800 °C. The symbols represent the measured values and the lines are the fit obtained. Labels GB and E indicate
sections of the spectra related to grain boundaries or electrode phenomena, respectively. (c and d) The equivalent circuits used for fitting the spectra

obtained for as-milled and sintered samples, respectively.
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Figure 4. Arrhenius plot of the DC conductivity for La,_Ba/F;_,
samples prepared by ball milling. The values given for single crystals
(solid lines) were taken from the literature for the conductivity along
the c-axis (see also Table 1).>' The dotted lines represent the linear fit
obtained for calculating the activation energies.

fluorite-type compound, only one phase was detected
corresponding to the respective solid solution with a fluorite-
type structure. The cell parameters remained unchanged
compared to the as-milled samples, indicating that the heat
treatment only leads to grain growth. For La,gBa, F,,, two
phases were observed in the XRD pattern. One with a tysonite-
type structure La,_,Ba/F; , having cell parameters slightly
smaller than the tysonite-type phase obtained after milling and
the second with a fluorite-type structure very similar to the
samples Ba, LaF, . Comparing the cell parameters deter-
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Figure 5. XRD patterns of the pressed pellets after sintering at 800 °C.
(+) BaF,-based phase with a fluorite-type structure, (#) LaF;-based
phase with a tysonite-type structure and (*) contaminations (see
Table 2).

mined here (Table 2) with those measured for different
concentrations after milling (Table 1 and ref 18), we can
approximate y = 0.05 and x = 0.5 for the phases obtained after
sintering. It looks as if the solid solution was demixing during
the heat treatment, although the phase diagram LaF;—BaF,
indicates a solubility limit for BaF, in the tysonite structure of
14 mol %,*" which is above the starting concentration of the
sample. This demixing was also observed after 20 h of heat
treatment. In addition for this sample, we observed a significant
contamination probably coming from the quartz tube with the
formation of oxide (La,Os, reference ICSD 56771) and silicate
compounds (Lag33(Si0,)0,, reference ICSD 154068).

The samples BaygLay,F,, and LajoBay F,o after 2 h of
sintering were also analyzed by NMR, and the results are given
in Figure 6. The spectra are composed of the similar main
spectral features described above with a single peak at —24 and

dx.doi.org/10.1021/am4052188 | ACS Appl. Mater. Interfaces 2014, 6, 2103—2110
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Table 2. Results of Rietveld Refinements and Conductivity
Parameters for Lay¢Ba, F, ¢ and Bay¢La, 4F, , after Sintering
at 800 °C“

Compound LaygBag,F, LaygBay Fsg Bagglag4F, 4
sintering time (h) 2 20 2
phases La;_,BaF; , (t)  La;_BaF;, (t) BaggLlagF, 4
Ba;_La,F,,, (f) Ba,_LaF,, (f)
La,0;
Lay33(8i04)60,
cell parameters (A) a=721,¢=737 a=720,¢c=736 a=607
() ®
a = 6.04 (f) a = 6.02 (f)
crystallite size (A) 78 (t) 186 (t) 72
39 (f) 109 (f)
Opc at 160 °C (S 9.06 x 107* 83 x 107" 5.08 X 107°
cm_l)
E, (eV) 0.39 0.40 0.52
6y (SK-em™) 1.36 x 10* 1.59 x 10* 2.46 x 10*
AH,, (eV) 0.49
fo (Hz) 5.57 x 10"

“The (t) and (f) letters indicate values obtained for the tysonite- and
the fluorite-type phases, respectively (see the Results and Discussion).

19F

F2+F3

Normalised intensity
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BaO.GLaO.4 24
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3 ("F) /ppm

Figure 6. '°F spectra of the two sintered samples (2 h). The main
spectral features of LaF; and BaF, are visible: main peaks around —24,
+20 (double peak) and —14 ppm, respectively.

a double (broad) peak centered around 20 ppm for
LayoBaj F,o and a peak at —14 ppm for Bay¢Lay,F,, The
lines are narrower features than before sintering, which is in
agreement with the increased ordering of the structure expected
after heat treatment and the removal of grain boundaries. In the
spectrum of BaygLay4F, 4, two peaks can be distinguished: one
for BaF, (at —14 ppm) and the other as the average of the four
interstitial sites originated from LaF; doping.'® In contrast to
that, for LajoBay,F,,, in addition to the two peaks at ca. —24
and +20 ppm already obtained after milling (Figure 2), higher
shift resonances at —14 and +38 ppm are observed. The
shoulder around —14 ppm may correspond to the contribution
of F anions from the BaF,-based fluorite-type compound that
was found by XRD. The origin of the broader shoulder at ca.
+38 ppm is not very clear but probably corresponds to F anions
from more disordered regions. Comparison of the different T
relaxation times for the as-milled and sintered Lay¢Baj F,,
samples is given in Figure S1 (Supporting Information) and
shows that the bulk conductivity of the sintered sample is much
higher than for the other compounds.
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The impedance spectra for the fluorite-type sample
BajgLla F,, have a similar shape to what was measured on
the as-milled material with one semicircle at high frequencies
and a straight line at low frequencies (see the Supporting
Information, Figure $3)."® The resistance of the semicircle was
taken to calculate the ionic conductivity in this sample (Figure
7). It was also possible to perform an analysis of the AC
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Figure 7. Arrhenius plot of the conductivities for the as-milled and
sintered samples LaygBay, F, o (O as-milled, ® sintered for 2 h and A
sintered for 20 h) and Bay¢Lay,F, 4 (O as-milled and M sintered for 2
h). Values reported in the literature for single crystals (solid lines) are
given for comparison.*' The dotted lines represent the linear fit
obtained for calculating the activation energies.

conductivity to extract the defect migration parameters as was
done for the as-milled samples. The results are given in Table 2.
The activation energies were almost unchanged after sintering
for Bay¢Lay 4F, 4 but we observed a decrease of the conductivity
values after sintering. This behavior can be easily explained by
the reduced grain boundary fraction in the sample after grain
growth. We already demonstrated'® that for this sample, the
ionic conductivity is controlled by the migration of vacancies
along the grain boundaries. For bigger grains, fewer migration
paths are available compared to the as-milled samples, this is
illustrated by the lower attempt frequency calculated for the
sintered samples. The attempt frequency is related to the
frequency of vibration in the lattice,** here probably in the
boundaries, which may be smaller when the boundaries fraction
is reduced.

For LaygBaj,F,o, some changes created by the sintering
treatment appear already in the impedance spectra (Figure
3a,b). First, the resistances are much lower than for the as-
milled sample, indicating a much higher conductivity in the
sintered sample. In addition, three semicircles and one straight
line are obtained in the impedance spectrum at 30 °C, the first
semicircle at high frequencies disappears and the straight line at
low frequencies becomes a semicircle at 100 °C. El Omari et
al.* have reported the presence of three semicircles in the
impedance spectrum of sintered Ln;_,Cd,F;_, samples (Ln =
Ce, Nd). They attributed these semicircles to bulk, grain
boundaries and electrodes properties when decreasing the
frequency, respectively. However, for the LajoBay,F, o samples
here, fitting the spectra with the equivalent circuit given in
Figure 3d indicates that the two semicircles at high frequencies
have capacitances values in the range of grain boundary
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phenomena (labelled GB1 and GB2, see the Supporting
information, Table $2).>° Nevertheless, the capacitance
obtained for the first semicircle (ca. 8 X 107" F) is lower to
what we found for the as-milled samples (1 X 107 to 5 X
107'° F) but higher than the values given by El Omari et al.**
The semicircle at lower frequencies and the straight line (or the
two semicircles at lower frequencies) correspond to electrode
phenomena (labelled E1 and E2). Note that similar impedance
spectra were obtained for the sample after 20 h of sintering. For
the reactions at the electrodes, we assume that in addition to
the electrode polarization already observed for the ball-milled
sample (straight line), there is a contribution of the surface of
the pellet that may be modified by the heat treatment, e.g,
some contamination may occur at the surface (pyrolysis,
adsorption). The capacitances values obtained are in good
agreement with surface layer phenomena (Supporting
Information, Table $2).3

To calculate the ionic conductivity of the sintered samples
given in Figure 7, we considered the contributions of the two
semicircles at the highest frequencies and added the resistances
of both to obtain the electrolyte resistance. It was not possible
to perform the AC conductivity analysis for these samples
because both contributions GB1 and GB2 could not be
separated; therefore, it was not possible to determine the
hopping frequency. Thus, the activation energy given in Table 2
represents the overall ionic conductivity adding the two grain
boundary contributions. The value obtained is close to that
given for single crystal although the activation energy in Table 2
should be a combination of two conduction mechanisms.
Moreover, the conductivity values are still lower than for the
single crystal. The grain boundaries still act as barrier to the
conduction but their effect is reduced because of their lower
fraction in the sample. To better understand the origin of these
two contributions, we plotted the conductivities calculated for
each semicircle (Figure 8). The conductivities calculated at
different temperatures for the semicircle at higher frequencies
(GB1) closely follow the conductivity values reported for single
crystals.”’ Tt seems that the first semicircle obtained by
impedance spectroscopy actually corresponds to the bulk
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Figure 8. Arrhenius plot for the conductivities calculated for each
semicircle obtained by impedance spectroscopy for the sample
LagoBay,F,, sintered at 800 °C (2 h). The dotted lines represent
the linear fit obtained for calculation of activation energies.
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conductivity. For lower temperatures (<120 °C), the activation
energy is 0.39 eV, which is in good agreement to the value
reported for doped-LaF; (see Table 1). Still, there is
discrepancy to the bulk core dominated NMR values, which
are lower than 0.3 eV. The value obtained for the second
semicircle (GB2) is 0.42 eV (T < 120 °C).

The question is then why the capacitances values measured
are much higher than usually reported for bulk phenomena. In
fact, the contribution of each phenomenon is dependent of the
thickness of the corresponding region of a polycrystalline
system.”” Therefore, bulk phenomena have usually very low
capacitances because of the relative large volume fraction of the
grains. However, in our samples, even after sintering, the grains
are still relatively small (<100 nm), which may explain the
higher capacitances values obtained. For examgle, the grain
sizes in the samples studied by El Omari et al.** are probably
much bigger than in our sample because they sintered much
coarser materials. From these results, it appears that it is
possible to drastically reduce the resistance of the grain
boundaries and improve the conductivity in LayoBagy F, o
samples by sintering. Note that the effect of the presence of
a second fluorite-type phase in the sample is difficult to separate
here. Its contribution to the conductivity is probably added to
the general grain boundaries contribution (GB2).

Therefore, we tried to sinter LaggBagy F, for a longer time
(20 h) to further reduce the fraction of grain boundaries and
thus, hopefully improve the ionic conductivity to even higher
values. Unfortunately, the conductivity values measured after 20
h of sintering are very close to those obtained after only 2 h
(Figure 7) The Rietveld refinement of the XRD pattern
confirms the larger crystallite size (>100 nm) after longer
sintering time but the expected improvement of the
conductivity may be hindered by the presence of contamination
in the sample (Table 2 and Figure 5). The presence of oxides,
silicates and likely the fluorite-type phase may create additional
boundaries in the sample (as done by adding oxides to fluorite-
type fluorides by doping)* that still act as barrier for fast ionic
conduction.

4. CONCLUSION

The study of the ionic conductivity in La,_,BaF;_, solid
solutions having a tysonite-type structure shows that the
mechanism of conductivity is rather different to what is
described for fluorite-type samples. For as-milled materials, the
conductivity that proceeds by the migration of vacancies
through the sample is partly blocked by the presence of grain
boundaries. The activation energies obtained are higher than
those obtained from T;-NMR investigations. They are also
higher than the values which have been reported for single
crystals but are not so different from those found in doped-
BaF, samples. This activation energy may be representative of
vacancy migration along the grain boundaries. Therefore,
sintering treatments of the samples to reduce grain boundaries
and induce grain growth obviously lead to an improvement of
the ionic conductivity as is shown for LajoBa,,F, o However,
the conductivity mechanism becomes more complicated after
sintering as two obvious contributions, one from the bulk and
the other from the grain boundaries can be detected by
impedance. Still there might be the contribution from the core
bulk visible from NMR. An attempt to further improve the
conductivity using longer sintering time did not lead to further
improvement of the conductivity likely because of the presence
additional (minor) phases that contribute to the boundaries
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blocking effect. Additional studies trying to remove contami-
nation or using lower quantity of dopant to avoid demixing are
on-going to further improve the ionic conductivity.

B ASSOCIATED CONTENT
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Average T relaxation times calculated from NMR for the two
sintered samples compared to other compounds. Impedance
spectra (Nyquist plots) of the as-milled and sintered
Bajglag,F,4 samples at 25 °C and 120 °C. Results of
impedance spectra fitting for the as-milled and sintered
La,_,Ba,F;_, and Bag¢lag,F,, samples. This material is
available free of charge via the Internet at http://pubs.acs.org.
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